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An I mproved Tissue Toxicity Technique for the Evaluation 


of Germicidal Substances 


A. J. 


SALLE 


Department of Bacteriology, University of California, Los Angeles 


Received for publication September 7, 1954 


The method generally employed for the evaluation 
of germicides is known as the phenol coefficient test. 
This test in one form or another is universally em- 
ployed for the determination of the germicidal po- 
tency of compounds or preparations recommended for 
the destruction of bacteria. The most widely used 
modification in this country at the present time is the 
tuehle and Brewer (1931), U. S. Food and Drug 
Administration (FDA) phenol coefficient method. 

The test was originally designed to be used for 
comparing the bactericidal potency of phenol with 
phenol-like compounds. However, in recent years the 
method has been used for the examination of compounds 
which are totally unlike phenol, with the result that 
such evaluations have been the cause of considerable 
confusion and of doubtful value. Another departure 
has been the freedom which some investigators have 
taken with the test itself, changing the procedure to 
favor the compounds under examination. 

tegardless of the many modifications of the original] 
procedure which have been proposed, it is generally 
agreed that a phenol coefficient test is of very little 
or no value for determining the efficiency of a germicide 
intended for clinical application. A phenol coefficient 
attempts to compare the toxicity of a germicide for a 
given organism with that of phenol but gives no in- 
fcrmation as to its effect on living tissue. For example, a 
germicide with a high phenol coefficient and a propor- 
tionately high toxicity to living tissue would have no 
advantage over one with a low phenol coefficient and 
a proportionately low toxicity to living tissue. 

A new method was proposed in 1935 (Salle and 
Lazarus), and modified in 1938 (Salle, McOmie, 
Shechmeister, and Foord), for the evaluation of ger- 
micidal substances intended for clinical application 
(figure 1). The germicides were tested for their effect 
on living embryonic chick heart tissue fragments as 
well as for their ability to kill bacteria. Two tests were 
performed. In one test the bacteria were exposed to a 
series of dilutions of germicide for 10 min, then trans- 
fers were made to nutrient broth to determine the 
killing dilution. In the other test the tissue fragments 
were exposed to a series of dilutions of germicide for 
10 min, then washed twice with saline, and finally 
embedded in rabbit plasma to determine the killing 


63 


dilution. A number known as the Toxicity Index was 
calculated from the results, which was defined as the 
ratio of the highest dilution of germicide required to 
prevent growth of the tissue fragments in 10 min to 
the highest dilution required to kill the test organism 
in the same period of time and under similar conditions. 

Theoretically, an index greater than one means 
that the germicide is more toxic to the tissue frag- 
ments than to the bacteria. As the number increases 
in size, the germicide decreases in value. Conversely, 
an index smaller than one means that the germicide is 
more toxic to the test organism than to the embryonic 
tissue fragments. As the fraction decreases in magni- 
tude, the germicide increases in value. The smaller 
the toxicity index the more nearly perfect the chemo- 
therapeutic agent. A phenol coefficient is not deter- 
mined, and no reference is made to it. There is no 
relation whatsoever between a phenol coefficient and a 
toxicity index. 

In the present investigation the tissue toxicity and 
the bactericidal tests have been combined in one 
operation making the procedure simulate actual condi- 
tions of germicide therapy as closely as possible. 


EXPERIMENTAL METHODS 


Tissue. Embryonic chick heart tissue fragments 
from embryos 12 days old were used. Hearts were 
selected because of the ease by which a constant 
source of tissue could be obtained. The hearts were 
removed from the embryos and minced on sterile glass 
plates into fragments 0.5 to 1.0 mm in diameter by 
means of a sharp knife. Aseptic technique was observed 
throughout. The fragments were washed twice in 
normal saline, then resuspended in saline in the propor- 
tion of one heart per ml. This was handled as a bac- 
terial suspension. 

Test organism. Micrococcus pyogenes var. albus was 
used as the test organism. This organism was selected 
in preference to Micrococcus pyogenes var. aureus 
because it did not liquefy plasma. Unless the fragments 
are embedded in coagulated plasma, microscopic 
observations of Carrel flasks for tissue growth could 
not be made. 

The culture was grown on FDA nutrient agar slants 
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PLASMA MEDIUM TO DETERMINE KILLING DILUTION 


Fic. 1. Schematic representation of the original two-step tissue toxicity method for the evaluation of germicides. Upper series 
contains germicide dilutions. Center series contains bacteria and tissue suspension. Lower series contains tissue and bacteria em- 


bedded in plasma. 


incubated at 37 C and transferred daily. The growth 
was washed from a 24-hr culture with saline and the 
suspension standardized in a photometer to correspond 
to the same turbidity as a No. 1 McFarland nephelom- 
eter standard. 

Temperature of the test. A temperature of 37 C was 
used in all tests. Test tubes were placed in a specially 
constructed 37 C water bath containing a shaking 
device to keep the tubes in constant agitation through- 
out the test period. 

Method. For each test, a series of 8 dilutions of 
germicide was prepared in screw cap test tubes meas- 
uring 20 x 150 mm. The dilutions were prepared in 
normal saline as follows: 


Dilutions from 10 to 100 at intervals of 10 
Dilutions from 100 to 200 at intervals of 20 
Dilutions from 200 to 500 at intervals of 50 
Dilutions from 500 to 1000 at intervals of 100 
Dilutions from 1000 to 50.000 at intervals of 1000 


In another series, each screw cap test tube contained 
a mixture of 1.5 ml saline, 0.5 ml bacterial suspension, 
and 0.5 ml tissue suspension, making a total volume of 
2.5 ml in each tube (figure 2). 

All tubes were placed in the water bath, previously 
heated to 37 C, and kept in agitation for 30 min. The 
purpose of this agitation period was to bring the tissue 
fragments and bacteria together in an attempt to 
duplicate actual conditions as much as possible. 

At the end of 30 min, 2.5 ml of the first germicide 
dilution was pipetted into one of the tubes containing 
the mixture of saline, bacteria, and tissue fragments, 
making a total volume of 5 ml. The cap was screwed 
firmly in place and the tube shaken vigorously to wet 
completely the inner wall before returning it to the 
water bath. The tube was kept in agitation in the 
water bath throughout the test period. This same 
procedure was continued at 1-min intervals for the 
remaining dilutions in the series. 
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Fic. 2. Schematic representation of the new one-step tissue 
toxicity procedure for the evaluation of germicides. 


At the end of 9 min, the first tube of the series was 
removed from the shaker and set in a rack for the 
fragments to settle out. At the end of 944 min, the 
supernatant liquid was siphoned off from the fragments 
by means of an aspirator. At the end of exactly 10 
min, the tube was filled with saline (about 25 ml) to 
dilute the small amount of germicide still remaining in 
the tube, then set aside. The remaining tubes were 
treated at 1-min intervals in a similar manner. When 
the fragments had settled out from all the tubes, the 
supernatant fluid was again siphoned off. The tissues 
were washed one more time to remove as much of the 
residual germicide as possible. The fragments were 
then embedded in rabbit plasma in Carrel flasks. 

The embedding medium consisted of 0.3 ml heparin- 
ized plasma, 0.5 ml Tyrode’s solution, and 0.4 ml 
embryonic extract. The extract was prepared by mixing 
10-day-old minced chick embryos with five times its 
volume of Tyrode’s solution and centrifugating at 
3000 rpm for 30 min. The clear supernatant is the 
embryonic extract. After coagulation of the plasma 
medium, 1 ml of embryonic extract was added as 
nutrient. Flasks were plugged with paraffined corks 
and incubated at 37 C for 120 hr before making final 
readings. 

By removing most of the supernatant from the 
fragments after 944 min-exposure to the germicide, 
then by two washings of 25 ml each, it is believed that 
only a negligible amount of germicide still remained 
adhering to the tissue fragments, and that nothing 
would be gained by any further washing. Also, the 
two washings of the tissue fragments were not sufficient 
to remove all of the invading test bacteria. This was 
demonstrated by the appearance of invaded tissue 
fragments as well as by bacterial colonies in the plasma. 

Each flask contained a total of approximately 35 
pieces of tissue measuring 0.5 to 1.0 mm in diameter. 
After all ingredients were added, the Carrel flasks were 
gently rotated to insure uniform distribution of the 
tissue fragments before coagulation of the plasma 
occurred. 


RESULTS 

Bacterial growth was indicated by the appearance 
of colonies in the plasma, or more frequently, by the 
invasion of some of the tissue fragments. Growth of 
tissue was indicated by the appearance of fibroblasts 
surrounding the fragments. Large fragments of tissue 
have a better chance to resist destruction by germicides 
than small pieces. Therefore, only tissue fragments 
measuring 0.5 to 1.0 mm in diameter were considered 
when final observations were made at the end of 120 
hr. 

The highest dilution showing no growth of bacteria 
in the Carrel flask was taken as the killing dilution. The 
highest dilution showing no growth of tissue in the 
Carrel flask was taken as the killing dilution. Several 
series generally were necessary to determine the killing 
dilution for both bacteria and tissue. The toxicity index 
was determined by dividing the highest dilution of 
germicide required to kill the tissue fragments by the 
highest dilution required to kill the test organism. 


TABLE 1. Highest killing dilution of germicide for embryonic 
chick heart tissue and Micrococcus pyogenes var. albus 
and corresponding toxicity index 


Toxicity 


Germicide Tissue | Bacteria hate 

| ; 

Sa —|—_—___——| — Es 

TOGMICs gcc seo nes ssassee0) LSZ.000" | 1320,008 0.10 
Mercurie chloride........... 1:30,000 | 1:36,000 0.83 
RNUAIU rs oss ome aad kno oe ets 1:20,000 | 1:16,000 1.25 


OMG oi ccc cdeads newbies ,; 1:400 1:120 3.33 


Results of tests on four well-known germicides are 
given in table 1. One representative from each of the 
following groups was selected for comparison: Phenolics, 
halogens, mercurials, and cationic detergents. The 
figures indicate that iodine was the least toxic and 
phenol the most toxic of the four germicides tested. 
Iodine was ten times more toxic to the bacteria than 
to the tissue, a remarkable figure for a germicide. 


DISCUSSION 


The one-step procedure described herein possesses 
several important advantages over the original two- 
step method. 

The test bacteria and tissue fragments are mixed 
together and allowed to incubate for a period of 30 
min before adding the germicide dilution. This is 
similar to the conditions that prevail in the application 
of a germicide in actual practice. The purpose of the 
30 min-incubation period is to permit some invasion of 
the tissue fragments by the bacteria but not long 
enough to produce a destructive action. 

There is no way of knowing how many bacteria still 
remain on or in the tissue fragments after two washings 
with saline. Certainly a 30-min incubation of tissue 
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fragments in the presence of the bacteria followed by 
an additional 10 min-test period should permit some 
invasion of the tissue fragments. If this assumption 
is correct, then two washings could not possibly remove 
all of the bacteria but most likely only some of those 
adhering to the outer surfaces of the fragments. 

An incubation period of 120 hr gave a clear-cut plus 
or minus effect in determining the killing dilution of 
germicide for bacteria and tissue. It is true that some 
germicides slowed down the growth of bacteria and 
tissue for the first 24 or 48 hr but by lenthening the 
incubation period to 120 hr, this difficulty was over- 
come. 

The addition of organic matter is not necessary. 
Tissue fragments and bacteria are existing together 
in the same environment. The inactivation of germicide 
by organic matter would merely reduce the strength, 
but the relative concentrations required to affect the 
viability of bacteria and tissue cells should remain the 
same. 

Likewise, the addition of inactivating agents to the 
subculturing medium is not considered necessary for 
two reasons. First, the fragments with bacteria are 
washed twice with saline to remove as much of the 
germicide as possible. Second, the embryonic tissue 
extract used in preparing the plasma medium is con- 
sidered adequate in possessing inactivating agents for 
the small amount of germicide that might still be 
present. 

It is believed that this improved procedure of germi- 
cide testing represents the nearest approach to an in 


vivo method by an in vitro technique of any so fa. pro. 
posed and should give results possessing considerable 
significance for the evaluation of preparations intended 
for clinical application. 


SUMMARY 


The original two-step procedure for the evaluation 
of germicides intended for clinical application has been 
improved by combining the bactericidal and _ tissue 
toxicity tests in one operation. 

The bacteria and tissue fragments are mixed to- 
gether and allowed to incubate for 30 min before adding 
the germicide in order to permit some invasion of the 
tissue by the organisms as occurs in actual practice. 
The procedure now simultates the conditions of germi- 
cide therapy more closely than the original method. 

Results of tests on four well-known germicides showed 
iodine to be the best by far with a Toxicity Index of 
0.1, a remarkably low figure for a germicide. 
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A Study of the Stuart Method for the Evaluation of Germicides 
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The evaluation of germicides has been the subject 
of considerable controversy. At the present time, the 
phenol coefficient method is the official procedure of 
the Association of Official Agricultural Chemists (1950) 
for the evaluation of water-soluble germicides. How- 
ever, Klarmann and Wright (1946), MeCulloch (1947), 
DuBois (1947), McCulloch, Hauge, and Migaki (1948), 
and Stuart, Boguskey and Friedl (1950) have ques- 
tioned the accuracy of the results that are obtained 
when the phenol coefficient method is used for the 
testing of germicides differing in chemical and physical 
properties from those of phenolic compounds, such as 
the quaternary ammonium compounds. Other investi- 
gators (Stuart, 1947; Mallman and Leavitt, 1948) have 
criticized the phenol coefficient method on the basis 
that the conditions under which this method is carried 
out do not parallel those of actual use of the germi- 
cides, especially where it is desired to disinfect contam- 
inated surfaces. Because of this difficulty with the 
phenol coefficient method, there has been considerable 


” 


interest in the so-called ‘‘use dilution’? methods for the 
evaluation of germicides. 

In the studies described in this paper, the use dilu- 
tion method of Stuart, Ortenzio, and Friedl (1953), 
designated as the Stuart Method, was selected as the 
procedure to be compared with the official phenol 
coefficient method as it has been accepted as a “first 
action”? method by the Association of Official Agri- 
cultural Chemists. In this procedure, the use concen- 
tration is determined by that concentration which will 
disinfect the surfaces of 10 stainless steel penicillin 
assay cylinders in 10 minutes. The steel cylinders are 
contaminated by dipping in a broth culture of the test 
organism and dried before use. 

The specific objective of this study was to compare 
the Stuart method with the official phenol coefficient 
method by using various types of germicides and test 
organisms. In addition, studies were also made of 
factors that might affect the reproducibility of the 
Stuart method. 


MATERIALS AND METHODS 
Germicides 
Three quaternary ammonium germicides and three 


gernicides representative of phenolic, cresylic, and 
pine oil types were tested. The quaternaries were 





Roceal,! an alkyl dimethyl benzyl ammonium chloride 
and two detergent sanitizers, designated “A” and 
“B”’? The detergent sanitizers contained 1.5 per cent 
alkyl dimethyl benzyl ammonium chloride as the active 
ingredient, a non-ionic detergent, and different propor- 
tions of inorganic buffer salts to provide different de- 
grees of alkalinity. A 1.33 per cent solution (200 ppm 
of the active ingredient) of detergent sanitizers A and 
B gave pH values of 10.3 and 11.4, respectively. The 
phenol was reagent grade, mp 39-41 C. The cresylic 
germicide, Lysol,? contained cresylic acid, o-phenyl- 
phenol, and soap as active ingredients. The pine oil 
disinfectant’ contained pine oil, soap, and isopropanol 
as active ingredients. 

The test concentrations of the quaternaries were 
selected in the range of those recommended by the 
manufacturer. The phenol test concentrations corre- 
sponded to the phenol resistance values specified for 
each test organisms prescribed in the official phenol 
coefficient method of the Association of Official Agri- 
cultural Chemists (1950) and in the Stuart method. 
The test concentrations of the cresylic and pine oil dis- 
infectants were determined by multiplying the Salmo- 
nella typhosa phenol coefficient at 20 C claimed on the 
label by 20. These dilutions were expressed in terms 
of parts per million. 


Test Organisms and Media 


The test organisms used were Salmonella choleraesuis 
ATCC 10708, specified by Stuart et al. (1953); Salmo- 
nella typhosa Hopkins 26, specified in the official phenol 
coefficient method; and Micrococcus pyogenes var. 
aureus FDA 209, specified in both methods. The cul- 
tures were maintained as prescribed in the official 
phenol coefficient method. Fresh broth cultures of S. 
choleraesuis and S. typhosa were made from the stock 
cultures after 28 consecutive daily transfers in FDA 
broth. A fresh broth culture of 7. pyogenes var. aureus 
was made from the stock culture after 21 consecutive 
daily transfers in FDA broth. 

Letheen broth was used for the subculture medium 


1 Sterwin Chemicals, Inc., New York, N. Y. 

2 [Experimental preparations kindly furnished by Economics 
Laboratory, Inc., St. Paul, Minnesota. 

3 Lehn and Fink, Inc., Bloomfield, N. J. 

‘ Sergeant Chemical Co., Newark, N. J. 
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with all of the germicides that were tested. Both letheen 
broth and FDA broth were prepared according to the 
procedure given in the official phenol coefficient method. 
A single lot of peptone and beef extract was used in 
the preparation of the media used in these studies. 


Methods 


The Stuart method was performed according to the 
procedure of Stuart et al. (1953). The drying time of the 
inoculated stainless steel cylinder carriers was standard- 
ized at 15 minutes at 37 C instead of the 10- to 60- 
minute period prescribed in the original method with 
the exception of those studies pertaining to the effect 
of drying time. The official method of the Association 
of Official Agricultural Chemists (1950) was used for 
the determination of phenol coefficient values and use 
concentrations. All tests were performed at a temper- 
ature of 20 C. 

In determining the use concentration of a given ger- 
micide, the Stuart method and the phenol coefficient 
method were performed on the same day, with the 
same culture of the test organism, and the same lot of 
subculture medium. Replicate determinations were 
performed on different days. Goetchius and Grinsfelder 
(1953) found that the day-to-day variations of phenol 
coefficient test results were no greater than the varia- 
tions between replicate determinations made on the 
same day. 


RESULTS AND DISCUSSION 


Comparison of the Use Concentrations Obtained with 
Each Method 


For a number of years it has been generally accepted 
that the dilution of a germicide equal to 20 times its 
S. typhosa phenol coefficient at 20 C provided a use 
concentration with a suitable margin of safety for the 
disinfection of contaminated surfaces (Varley and 
Reddish, 1936). However, Stuart et al. (1953) pre- 
sented results which indicated that such a use dilution 
might not be a safe guide for use in the disinfection of 
contaminated surfaces by certain disinfectants. 

A comparison of the use concentrations obtained by 
the Stuart method, using the three test organisms, with 
those calculated by multiplying the experimentally 
determined and claimed S. typhosa phenol coefficients 
at 20 C by 20 is presented in table 1. These data reveal 
that the Stuart method use concentrations of the three 
quaternary ammonium germicides obtained with S. 
choleraesuis as the test organism were less than the 
corresponding values calculated from the S. typhosa 
phenol coefficients. Although S. typhosa was not speci- 
fied for use as a test organism in the Stuart method, 
tests were made with this organisms in order to de- 
termine if there would be any appreciable differences 
in the results as compared with those obtained with 


TABLE 1. Comparison of average use concentration 
obtained by the Stuart method with those calculate: 
from the Salmonella typhosa phenol coefficient 
—- 
| Phenol Cociiicient 


Stuart Me Jse ; 
Stuart Method Use Use Concer tration’ 


Concentration 


_ Suede lyphosa 
Germicide | i ice. 
| Ome | | Salue- coccus | yp . 
| nella ac | Experi- 2 
penal Pod var. | mental | ‘ ‘@!med 
Roceal ; 220 210 280 236 2) 
Detergent sanitizer A., 13733 14000 18000 16466 
Detergent sanitizer B. 11333 11333 16000. 13333 
Phenol 55555 48807 458800 50000 
Cresylic disinfeetant.. 10750 9500 11500 9433 — 1000) 
Pine oil disinfectant... 11250 10250 12500 10000 10000 


* S. typhosa phenol coefficient X 20 expressed as ppm. 


S. choleraesuis. The results show very little difference 
between the use concentrations of the quaternaries ob- 
tained by the Stuart method with either S. choleraesuis 
or S. typhosa as the test organism. 

None of the use concentrations of quaternaries indi- 
cated to be safe by the S. typhosa phenol coefficient 
could be confirmed by the Stuart method when J. 
pyogenes var. aureus was used as the test organism. In 
every case, higher concentrations were required in order 
to obtain the Stuart method end point. Stuart et al 
(1953) stated that none of the quaternary ammonium 
germicides tested during their studies killed either S. 
choleraesuis or M. pyogenes var. aureus at the dilutions 
indicated to be safe by the S. typhosa phenol coefficients 
claimed or found. This difference in results when S. 
choleraesuis was used in our studies does not appear 
to be caused by the detergents in the detergent sani- 
tizers, because similar results were 
Roccal, a pure quaternary. 

In the case of phenol, the cresylic germicide, and the 
pine oil disinfectant, the Stuart method use concentra- 
tions agreed quite closely with the S. typhosa phenol 
coefficient use concentrations when S. typhosa was 
used. However, considerably higher use concentrations 
of these germicides were obtained with S. choleraesuis 
as compared with the values calculated from the phenol 
coefficients. 

Stuart et al. (1953) stated that a 48-hour FDA broth 
culture of S. choleraesuis should have a phenol re- 
sistance equivalent to that of a 24-hour FDA broth 
culture of S. typhosa. However, it was found that S. 
choleraesuis had a greater phenol resistance than S. 
typhosa when maintained according to the procedure 
given in the official method of the AOAC. This in- 
creased phenol resistance accounts for the higher use 
concentrations of phenolic and related germicides that 
are secured by the Stuart method with S. choleracsuis 
as the test organism. 

With phenol, the cresylic germicide and the pine oil 
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disinfectant, much greater use concentrations were 
obtained by the Stuart method with M. pyogenes var. 
qureus as compared with the other test organism. Here 
again, the greater phenol resistance of this organism 
than that of the Salmonellae may account for this dif- 
ference. 

In this study, reproducible use concentrations were 
obtained with the Stuart method. The results shown 
in table 1 represent an average of a minimum of two 
replications in the case of phenol and a maximum of 
five replications in the case of Roccal. However, in an 
independent study carried out at another laboratory 
W. G. Mizuno, 1953, private communication) the 
minimum use concentrations of detergent sanitizers 
\and B were 15000 ppm when S. choleraesuis was used 
as the test organism. The corresponding average values 
obtained in this study were 13733 ppm and 11333 ppm, 
respectively with a range of 1333 ppm between the 
maximum and minimum values in each case. No com- 
parable tests were made with phenolic, cresylic, or pine 
oil disinfectants. These results suggest that the Stuart 
method is not as reproducible as might be desirable for 
atest to be used for regulatory purposes. 


Effect of Drying Time of Inoculated Carriers on the Use 
Concentrations Obtained with the Stuart Method 


Mallman and Leavitt (1948) found that S. typhosa 
was destroyed by drying on glass rods for longer than 
ome hour while little destruction of M. pyogenes var. 
aureus took place under the same conditions. In order 
10 determine the effects of drying time of the inoculated 
carriers on the use concentrations obtained with the 
Stuart method, the procedure was carried out in the 
same manner as in the preceding studies except that 
carriers inoculated with S. choleraesuis and M. pyogenes 
var. aureus were dried for 10 minutes and 60 minutes 
ina 37 C forced circulation incubator. The quaternary 
ammonium germicide Roccal and phenol were used 
as test germicides. The results are shown in table 2. 
Two replicate determinations were made, and identical 
results were obtained in each test. 

When S. choleraesuis was used as the test organism, 
there was a decrease in the Stuart method use concen- 
tration of both Roceal and phenol when the drying 
time of the carriers was increased from 10 minutes to 


TABLE 2. Effect of drying time of inoculated 
carriers on use concentrations obtained 
with the Stuart method 


Concentration in Parts per Million 


Germicide Salmonella choleraesuis, | Micrococcus pyogenes 
drying time | var. aureus, drying time 
10 min 60 min. 10 min. 60 min. 
Rocenl. . 220 200 280 280 
Phenol... 22... 55555 50000 55555 55555 
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60 minutes. This indicates that some destruction of 
S. choleraesuis may take place when long drying times 
are used. However, with M. pyogenes var. aureus as the 
test organism, there were no differences in the use con- 
centrations of either Roccal or phenol when the carriers 
were dried for 10 minutes or 60 minutes. 


Effect of Drying Time on the Numbers of Viable 
Organisms Recovered from Inoculated Carriers 


Since the drying time of the inoculated carriers used 
in the Stuart method may affect the use concentration 
obtained, a study was undertaken to determine the 
effect of drying time on the number of viable organisms 
that could be recovered from these inoculated carriers. 
This information should give an indication of the size 
and constancy of the inoculum transferred on a single 
carrier. 

The carriers were inoculated with either S. cholerae- 
suis or M. pyogenes var. aureus as prescribed in the 
Stuart method. Groups of inoculated carriers were 
dried for 10, 15, and 60 minutes, respectively, in a 37 C 
forced circulation incubator. At the end of the drying 
period, each carrier was shaken for 10 minutes in each 
of four successive sterile tubes contaning 10 ml of a 
1000 ppm solution of the non-ionic detergent Glim.® 
A reciprocating shaker was used. A 1 ml aliquot was 
removed from each tube on completion of shaking, 
diluted in sterile water, and plated with tryptone glu- 
cose extract agar (Difco). The plates were incubated 
for 48 hours at 37 C. Counts were expressed as the 
number of organisms per tube. A sample of the broth 
culture of the test organisms was also diluted and 
plated to determine the number of organisms per ml 
of broth culture. 

The results given in table 3 show that only slight 
destruction of S. choleraesuis took place when the dry- 
ing time of the inoculated carriers was increased from 
10 minutes to 15_minutes. The results obtained by the 
Stuart method should not be affected to any appreciable 
extent by this increase in drying time. However, when 
a 60-minute drying time was used, the total recovery 
was 19990 organisms as compared with 164500 and 

144150 after 10-minute and 15-minute drying times, 
respectively. Since this organism is destroyed to a 
considerable extent over a 60-minute drying period 
at 37 C, the inoculum transferred by the carriers would 
be greatly decreased in size. These results substantiate 
those given in table 2. When S. choleraeswis was used 
as the test organism, an increase in drying time from 
10 minutes to 60 minutes resulted in a decrease of the 
Stuart method use concentration. 

The results obtained with M. pyogenes var. aureus 
show slight increases in the total number of viable 
organisms recovered after 15-minute and 60-minute 


5B. T. Babbitt, Inc., New York, N. Y. 
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TABLE 3. Effect of drying time on the number of 
viable organisms recovered from inoculated 


carriers 


Number of Organisms per Tube* 


Tube No. Selamat Chelepkesuist Vicrococcus pyogenes 
: ‘iii var. aureust 

10 min. | 15 min. 60 min. | 10 min. | 15min. 60 min. 

l 160000 | 140000 | 19000.) 86000 | 93000 90000 

2 3800 3200 SOO 1400 3400 1800 

3 590 700 150 230 150 60 

} 210 220 40 45 200 20 

Total re- 

covery 164500 144120 19990) 87675 = 96750) 91880 


* Volume of suspension per tube, 10 ml. 
+ Initial number of organisms per ml of broth culture: S. 
choleraesuis, 4.6 X 108; M. pyogenes var. aureus, 6.1 X& 10°. 


drying times. In this case, this organism was not 
destroyed to any detectable extent by drying at 37 C 
for 60 minutes. The size of the inoculum was not sig- 
nificantly different after either 10-minute or 60-minute 
drying times. Again these results confirm those given 
in table 2. 


General Comments on the Stuart Method 


As compared with the official phenol coefficient 
method, the Stuart method gives quite different results 
in certain cases. Considerably greater use concentra- 
tions of all of the germicides tested than the correspond- 
ing values determined from the S. typhosa phenol co- 
efficient were obtained when M. pyogenes var. aureus 
was used, as compared with the results obtained with 
the Salmonella species. The Stuart method measures 
the effectiveness of a germicide in the penetration and 
killing of organisms in a dried film on a metal surface 
rather than determining the concentration required 
to kill organisms in a liquid suspension, as in the phenol 
coefficient test. 

Certain precautions must be taken with the Stuart 
method that do not enter into the phenol coefficient 
method. The stainless steel carriers must be carefully 
maintained in order to prevent damage to the surfaces. 
When S. choleraesuis is used as the test organism, the 
inoculated carriers should not be dried any longer than 
15 minutes at 37 C. Longer drying times result in con- 
siderable destruction of this organism, which will result 
in lower use concentrations. It is also recommended 
that one single drying time in the 10-minute to 15- 
minute range be used for all determinations. 

One definite disadvantage of the Stuart method is the 
increased time and effort required to secure an equiv- 
alent amount of information to that furnished by the 
phenol coefficient method. A minimum of 45 minutes 
is required to perform the test for one concentration 


of the germicide. Eight concentrations of the ger: :icide 
and two phenol control dilutions can be tested | y the 
phenol coefficient method in the same period oi} time. 

The Stuart method would be of value in th. cop. 
firmation of phenol coefficient values of germicid:s that 
are to be used for disinfection where pyogenic org::nisms 
such as M. pyogenes var. aureus are of signifivance. 
In these applications, an extra margin of safety is de- 
sirable. However, for routine disinfection of surfaces 
where thorough cleaning of the surface to be disin/ected 
is practiced, the values obtained with the official phenol 
coefficient method should provide a sufficient margin 
of safety. 


SUMMARY 


The use dilution method of Stuart, Ortenzio, and 
Friedl (1953) was compared with the official plieno! 
coefficient method in the evaluation of quaternary 
ammonium, phenolic, cresylic, and pine oil germicides. 
The Stuart method use concentrations of the quaternery 
ammonium germicides were approximately equivalent 
to those determined by multiplying the Salmonella 
typhosa phenol coefficient at 20 C by 20, when either 
Salmonella choleraesuis ATCC 10708 or Salmonella 
typhosa Hopkins 26 was used as test organism. Greater 
use concentrations of the phenolic, cresylic, and pine 
oil germicides were obtained by the Stuart method 
with S. choleraesuis as the test organism than with S. 
typhosa. The Stuart method use concentrations of all 
germicides tested with Micrococcus pyogenes var. 
aureus FDA 209 were greater than the values caleu- 
lated from the S. typhosa phenol coefficient. 

When S. choleraesuis was used as the test organism 
with the Stuart method, an increase of the drying time 
of the inoculated carriers from 10 minutes to 60 minutes 
resulted in a decrease in the number of viable cells 
that could be recovered. The use concentrations were 
correspondingly decreased. A 10-minute to 15-minute 
drying time is recommended when this test organism 
is used. Some advantages and limitations of the Stuart 
method are also discussed. 
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In Part II of this series (Stedman, Kravitz and Bell, 
1954b), it was shown that the antimicrobial activities 
of disinfectants vary widely when materials of different 
porosities are employed as test surfaces. In general, 
higher concentrations of disinfectants are required to 
disinfect porous surfaces (battleship linoleum and 
asphalt tile) then are needed on nonporous (stainless 
steel). In addition, it was reported that a profound 
difference occurs with various formulations of phenolics 
in the degree of retention of antimicrobial activity when 
changing from a nonporous to a porous test surface. 
It was suggested that physicochemical factors might 
play a significant role in the disinfection of porous 
surfaces. 

This report describes a study in which certain 
physicochemical properties of disinfectants were com- 
pared with the degree of retention of bactericidal ac- 
tivity of these agents on changing the porosity of the 
surface. The relationships of surface tension depression, 
wetting, and detergency to antibacterial activity have 
been studied in the past by a number of workers. In 
general, it is the opinion of many investigators that 
low surface tension may contribute to bactericidal ac- 
tivity but that it is not solely responsible for effective 
antimicrobial action (for a summary of pertinent ref- 
erences see Lawrence, 1950). Likewise, a relationship 
has been shown to exist between bactericidal activity 


The opinions expressed herein are those of the authors and 
are not necessarily similar to the views of the Department 
of the Navy. 

’ With the technical assistance of J. Reeves and M. Sykes. 


and immersional wetting in a series of homologous al- 
cohols (Cowles, 1940). On the other hand, no correla- 
tion was found between detersive activity and bac- 
tericidal efficiency in a series of colamino formyl! methyl] 
pyridinium chlorides (Epstein, Harris and Katzman, 
1943). In these studies, however, conventional survivor 
curves or bactericidal efficiency tests were employed to 
obtain antimicrobial data. In the present investiga- 
tion, it was desired to study the relationship, if any, 
of these physicochemical factors to differences in dis- 
infectant performance as obtained previously with a 
simulated use test method. 


EXPERIMENTAL METHODS AND RESULTS 


The bactericidal activities of the disinfectants were 
determined by the performance test method described 
in Part I of this series (Stedman, Kravitz and Bell, 
1954a). In all instances, the dilutions of formulation 
(in the case of phenolics, cresylic, coal tar, and de- 
tergent-sanitizer products) or of active ingredients 
(quaternary ammonium germicides) required to achieve 
99.99 per cent reduction of Micrococcus pyogenes var. 
aureus in the presence of 10 per cent normal horse 
serum at 20 C are given as end points, since these were 
the conditions under which the profound differences in 
degree of retention of activity had been encountered. 
All other test conditions were identical with those em- 
ployed in Parts I and II. In addition to the products 
designated and described in Parts I and II, four other 
products were studied in the current phase of the work. 
A soluble type phenolic product, containing a mixture 
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of sodium chloro pheny! phenols, sodium chloro hexy! 
phenols, and an unidentified soap as active ingredients, 
is designated Phenolic C. Two emulsifiable type formula- 
tions containing p-chloro-o-benzyl phenol and cocoanut 
oil soap as active ingredients were used. One of these 
had a soap: phenol ratio of 2:1 and isdesignated Phenolic 
D1. The other had a 1:1 ratio with NaOH added to 
achieve complete solubilization and is designated 
Phenolic D2. A coal tar product listing tar acids 
(phenols), tar neutral oils, and an unidentified soap 
as active ingredients is designated Coal Tar. 

To facilitate discussion, the physicochemical methods 
employed in the work are described individually under 
the appropriate headings below. 


Surface Tension Depression 


Surface tension measurements were made at 25 C 
on a number of aqueous dilutions of each of the dis- 
infectants by using the du Noiiy tensiometer. Changes 
in surface tension versus dilutions of disinfectant were 
plotted for each of the samples, and the dilution of 
each disinfectant giving a surface tension of 40 dynes 
em? was arbitrarily selected as an end point. Bacteri- 
cidal data were obtained on stainless steel and asphalt 
tile by the described method. 

A comparison of the effective dilutions in the surface 
tension and bactericidal tests is presented in table 1. 
By inspection of the data in the last column, it is seen 
that the degrees of retention of antibacterial activity 
when changing from the nonporous stainless steel 


TABLE 1. Comparison of the surface tension depressant 
properties of disinfectants with changes in bactericidal 
activities on porous and nonporous surfaces 





ee Relative Bactericidal! Activity 
| SS | BS eee oo 
: Activities | steel (SS)t, KATY “| AT/SS 
Cresylic....| 1:1400 1.0 | 1:100 1:100 1.0 
Coal tar...) 1:100 | 0.071 | 1:120 | 1:10 0.083 
Phenolic A.| 1:1000 | 0.71 | 1:50 1:25 0.50 
Phenolic B.| 1:10 | 0.0071 | 1:100 1:5 0.050 
Phenolic C.| 1:140 0.10 1:125 1:25 0.20 
Phenolic | | 
D1.......| 1:5000 3.6 1:100 1:25 0.25 
Phenolic 
D2..........] 121900 0.93 1:200 1:50 0.25 
Quaternary | 
A........} 1:100,000 | 71 1:500 1:100 0.20 
Quaternary | 
B........] 1267000 | 48 | 1:1000 | <1:100 | <0.10 
Detergent- 
sanitizer .| 1:2500 1.8 1:50 <1:10 <0.20 


* Dilution of formulation (phenolics, cresylic, coal tar, and 
detergent-sanitizer) or active ingredients (quaternaries) re- 
quired to depress surface tension to 40 dynes/cm?. 

t Dilutions on indicated carriers required to achieve 99.99 
per cent reduction of Micrococcus pyogenes var. aureus in 
performance test. 


surface to the porous asphalt tile varied widely. .\ ong 
the phenolic, cresylic, and coal tar products, th tyy 
formulations, Phenolic B and Coal Tar, which rec uired 
the strongest dilutions to depress the surface tension, 
also retained the least amount of bactericidal ax tivity 
when changed from stainless steel to asphalt tile. The 
single formulation which did not lose bactericidal ae. 
tivity on changing surfaces, Cresylic, was one of the 
more effective products in reducing the surface tension, 
Among the nonquaternary products, the most efficient 
sample in the latter respect was Phenolic D1, which, 
however, retained only 25 per cent of its antibacterial! 
activity on changing surfaces. 

The quaternary products were much more effectiye 
in depressing surface tension than the other types of 
disinfectants in most instances. This superiority was 
apparently not reflected in effective retention of bac- 
tericidal activity on a change of test surface when 
compared to the other types of disinfectants. Among 
the three quaternary germicides, the most effective 
surface tension depressant, Quaternary A, also retained 
its bactericidal activity most efficiently. Formulation 
of Quaternary A into a detergent-sanitizer reduced 
its effectiveness as a surface tension depressant (De- 
tergent-sanitizer contained 10 per cent Quaternary A); 
this may have been due to the large amounts of in- 
organic salts in the formulation, since these tend to 
increase the surface tension. 

In general, no quantitative correlation between sur- 
face tension depression and retention of bactericidal 
activity on changing surfaces could be demonstrated. 
Some definite relationship between these properties 
was noted in the phenolic, cresylic, and coal tar groups: 
the two products losing the greatest amount of bac- 
tericidal activity were the least effective in depressing 
surface tension. On the other hand, a high degree of 
efficiency in depressing surface tension did not result 
in equally effective retention of bactericidal activity 
in all instances. 


Spreading Wetting 


A modification of the Bikerman method for de- 
termining contact angle (Bikerman, 1941) was used 
in measuring the relative spreading wetting activities 
of the various disinfectants. Essentially, the method 
consisted of measuring the diameters of the marks 
left on microscopic glass slides after evaporation of 
constant volumes of disinfectant dilutions. Specifically, 
0.002 ml of the dilutions was placed on scrupulously 
clean glass slides, the drops permitted to come to 


’ The original paper recommends use of a special micro- 
syringe to dispense this volume. In the current work, a syringe 
was used which consisted of a capillary attached to a ground 
glass fitting, which, in turn, was fitted into the calibrating 
micrometer commonly employed for the calibration of Warburg 
manometers. 





TABLE 


of dis 


Cresylic .. 
(Coal tar 
Phenolic 
Phenolic 
Phenolic 
Phenolic 
Phenolic 
(Quaterna 
Detergen 
* Dilu 
lation (a 
surface b 
+ Bact 
on stainl 


equilibr 
of all ¢ 
permitti 
mark t! 
diamete 
Compal 
was ple 
a diam 
standar 
The « 
is dete! 
tension 
of the 
and, mw 
of a sli 
will int 
above | 
ties of 
influen 
constal 
here, 
meas 
The 
res, 0 
contac 
show 
proced 
necess 
ported 
detern 
Tab 
and tl 
activit 
less st 


two fi 


greate 











nohg 

two 
red 
SION, 
ivity 
The 
| ae. 
the 
Sion. 
clent 
hich, 
eria! 


“tive 
as of 
Was 
bac- 
vhen 
nong 
tive 
ined 
ition 
uced 
(De- 
A); 
f in- 
d to 


sur- 
idal 
ited. 
rties 
ups: 
bae- 
sing 
e of 
sult 
vity 


de- 
ised 
ities 
hod 
urks 
1 of 
lly, 
usly 


» to 


icro- 


inge 
yund 
ting 
burg 








4 





Tapie 2. Comparison of the spreading welling properties 
of disinfectants with changes in bactericidal activities 


on porous and nonporous surfaces 


Relsiive Relative 
Spreading S vase nine Changes in 
Product Wetting herein = Bactericidal 
Activity* Activity Activity 
; 9 AT/SS} 
PENG 107200 5515.5 609.0% 1:650 1.0 1.0 
(Coal tar. . . 1:80 0.12 0.083 
Phenolic A....... 1:100 0.15 0.50 
Phenolic B......... Bia <1:10 <0.015 0.050 
PMRDUO HO csc 1:270 0.42 0.20 
Phenolie D1... 1:530 0.82 0.25 
Phenolic D2 1:530 0.82 0.25 
(uaternary ae <1:100 <0.15 0.20 
Detergent-sanitizer. . 1 <0.015 <0.20 


<1:10 


* Dilutions of active ingredient (Quaternary A) or formu- 
lation (all others) giving a diameter of 0.45 em on a glass 
surface by the described technique. 

t Bactericidal activity on asphalt tile: Bactericidal activity 
on stainless steel. 


quilibrium with regard to contact angle, the surfaces 
of all drops dusted lightly with talc, and the drops 
permitted to dry. A thin ring of tale usually served to 
mark the boundary of solid-liquid-air interface. The 
diameters of all rings were read in a Bausch and Lomb 
Comparator using a 10 magnification. Drop diameter 
was plotted against dilution and the dilution giving 
a diameter of 0.45 em was arbitrarily selected as the 
standard. 

The diameter of drops at an air-liquid-solid interface 
is determined by a number of factors: the interfacial 
tension at the air-liquid interface; interfacial tension 
of the liquid-solid; interfacial tension of the air-solid; 
and, under certain conditions, gravity. When volumes 
of a size practical for pipetting are employed, gravity 
will influence the contact angle (the resultant of the 
above surface energy forces). Assuming that the densi- 
ties of all disinfectant dilutions are 1, however, the 
influence of gravity can be eliminated by the use of a 
constant volume for all disinfectants as has been done 
here, and the indicated diameters will be a relative 
measure of spreading wetting. 

The statement of Schwartz and Perry (1949) that 
"...One of the greatest difficulties in working with 

.. that results often 
show poor reproducibility ...” is applicable to this 
procedure. To obtain some degree of accuracy it was 
necessary to run a large number of replicates. Data re- 
ported below are averages of from 12 to 30 replicate 
determinations. 

Table 2 lists the relative spreading wetting activities 
and the relative degrees of retention of the bactericidal 
activities of the disinfectants on changing from stain- 
less steel to asphalt tile. Again, it is apparent that the 
two formulations, Phenolic B and Coal Tar, giving the 
greatest loss in bactericidal activity on changing the 


contact angle measurements is . 
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test surface also showed the lowest spreading wetting 
activity. Also, as in the surface tension studies, the 
only product losing no bactericidal activity on chang- 
ing surfaces, Cresylic, was extremely effective in spread- 
ing wetting. The two quaternary samples displayed 
relatively weak spreading wetting properties compared 
to their high surface tension depressant activities. 


In general, no quantitative correlation between 


spreading wetting properties on glass and the retention 
of bactericidal activities on changing from a nonporous 
to a porous surface could be demonstrated. As in the case 
of surface tension depression, the two products showing 
poor retention of bactericidal activity also gave low 
spreading wetting values. However, a relatively effec- 
tive spreading wetting efficiency did not assure a high 
retention of activity (note Phenolics D1 and D2). 


Detergency 


A modification of the Fineman procedure (Fineman, 
1953) was used to determine relative detersive efficien- 


cies of the disinfectants, Basically, the method con- 
sists of adding a uniform amount of soil to 1-inch 
squares of surface material, washing the squares for 


10 minutes in Launderometer jars in the usual manner, 
and evaluating the soil removal efficiencies on the basis 
of the macroscopic appearance of the squares. In this 
study, the soil consisted of 2 parts heavy mineral oil 
and 1 part lampblack. The substrate was the 1-inch 
stainless steel squares used in the bactericidal studies. 
The tests were run at 140 F and used one soiled square 
per jar. The soil removal efficiencies were scored by 
points ranging from 5 for complete cleaning to 0 for 
no removal. An arbitrary end point was obtained by 
plotting the degree of removal vs. dilution and select- 
ing the dilution that gave a degree of cleaning equiv- 
alent to 3. 

Table 3 presents detersive data and bactericidal ac- 


TABLE 3. Comparison of the detersive properties of 
disinfectants with changes in bactericidal activities 
on porous and nonporous surfaces 





3 Detersive Relative Batoricidal 

Product Activity* ie Activity 
tO. oe oa ee os 5 1.0 1.0 
OP REE. cc ks eck oe bens 20 0.25 0.083 
POROUS. 5.55.53 ede nes 13 | 0.38 0.50 
PHORGNOMIS is cc ocr ce:s >20 <0.25 0.050 
PRBUOHOIO ef. os cscs 4 1.25 0.20 
Phenoie Dts, 5... ne 17 0.29 0.25 
PRONONCID2 ose oc oss 17 0.29 0.25 
Quatermary Al). 63.655 6 0.83 0.20 


* Percentage of formulation (all products except quater- 
nary) or active ingredient (quaternary) required to give a 
score of 3 in the modified Fineman detergency test. 

+ Bactericidal activity on asphalt tile: Bactericidal activity 
on stainless steel. 
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tivities. As in the above studies, the two products 
showing the poorest retention of bactericidal activities 
with a change of test surface were the least effective 
detergents, Phenolic B and Coal Tar. In addition, the 
cresylic product possessed comparatively outstanding 
detersive efficiency similar to its effectiveness in the 
surface tension depression and spreading wetting 
studies. 

No quantitative correlation between detergency and 
retention of bactericidal activity could be demonstrated. 


Comments on Physicochemical Properties 
! i 


In order to facilitate discussion, the above data on 
phenolic, cresylic, and coal tar disinfectants are sum- 
marized in a different way in table 4. 

In all of the above physicochemical tests, Phenolic 
B and Coal Tar, in that order, were the least effective 
products; this result paralleled the findings in the 
bactericidal tests. On the other hand, the cresylic 
product was either the best or second-best sample in 
all physicochemical] tests and, in addition, retained the 
most bactericidal activity when changing from a stain- 
less steel to an asphalt tile surface. Although a quantita- 
tive correlation could not be demonstrated between the 
above physicochemical and biological properties, it 
appears certain that at least a parallelism has been 
demonstrated in the case of the above three products. 
Perhaps the parallelism arises with products which 
are either excellent or very poor in their retention of 
bactericidal activity. 

On theoretical grounds it would be valid to expect 
that physicochemical properties would affect disin- 
fection of porous surfaces. Perhaps it would not be valid 
to expect a quantitative correlation, since the dis- 
infection of a soiled porous surface must certainly be 
influenced by factors than 
operate in types of testing procedures in which cells 
are killed by simply suspending organisms in aqueous 
solutions of disinfectants; quantitative correlations 
between physicochemical properties, such as wetting 


more physicochemical 


TABLE 4. Summary of comparisons of physicochemical proper- 
ties of disinfectants versus changes in bactericidal 
activities on porous and nonporous surfaces 

Order of Efficiency 


Product 


Surface ne ee Retention of 
tension go my Detergency _ bactericidal 
depression ss activity* 
Cresylic : 2 | 2 | 
Coal tar 6 6 6 6 
Phenolic A 4 5 3 2 
Phenolic B. 7 7 7 7 
Phenolie C 5 $ I 5 
Phenolic D1 1 2-3T 5t 3-4F 
Phenolic D2 3 2-37 4—5t 3-47 


* AT/SS, see tables 1, 2, and 3. 
+ Phenolics D1 and D2 gave identical results in the wet- 
ting, detergency, and bactericidal tests. 


and surface tension depression, and bactericid:|  g¢. 
tivity have been demonstrated in the past only whey 
such tests have been used. 

Differences in soap content of the disinfecta:ts dy 
not account for the above variabilities in physics! and 
biological properties. Although the least active fo: mula. 
tion in all respects (Phenolic B) contains the leas: Soap 
(5.0 per cent) the difference in content between this 
product and some of the others (Phenolic C has-112 
per cent, and Cresylic has 26.4 per cent) is not sufficient 
to account quantitatively for the observed differences, 
It is probable that other ingredients such as alkali, 
organic solvents, and others in the formulations may 
affect the physicochemical properties, including, per. 
haps, those studied above. 


SUMMARY 


Relationships between certain physicochemical! prop. 
erties and bactericidal activities of disinfectants have 
been investigated. When the degree of retention oj 
bactericidal activity when changing from a nonporous 
to a porous surface was used as the yardstick of dis. 
infectant activity, no quantitative relationship could 
be established between this activity and surface tension 
depression, spreading wetting, or detergency. However, 
some parallelism could be demonstrated between these 
physicochemical properties and disinfectant activity 
in extreme cases where either a very high or a very low 
percentage of bactericidal activity is retained on chang- 
ing the porosity of the test surface. A very low per 
centage retention of bactericidal activity was ac- 
companied by a low order of efficiency of surface tension 
depression, spreading wetting, and detergency. 
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The extent of visible fungus growth on pressure- 
sensitive electrical insulating tapes, as well as the effects 
of fungi on the mechanical strength of the tapes, was 
reported previously (Berk and Teitell, 1951). Fungi 
seriously decreased the tensile strength of tapes with 
cellulosic backings but had no more than slight effects 
on the tensile strength of tapes with elastomeric back- 
ings. 

This report deals with the second phase of the in- 
vestigation, the effects of fungi on the electrical prop- 
erties of the pressure-sensitive insulating tapes and, 
particularly, the effects on surface conductance. 

The literature is somewhat controversial concerning 
the relative importance of moisture and fungus growth 
on the failure of electrical equipment in service (Leu- 
tritz and Hermann, 1946; Leutritz, 1948). The Sum- 
mary Technical Report of the National Defense Re- 
search Council (1946) on ‘Tropical Deterioration of 
Electric and Electronic Equipment” states, ‘Fungi 
are also important agents of deterioration in electric 
and electronic equipment. Hyphal strands of surface- 
growing fungi can introduce leakage paths which reduce 
insulation resistance and establish couples which pro- 
mote electrolytic corrosion.” Titus (1945) considered 
fungi to be secondary causes of operational failures but 
stated that fungus filaments, when bridging terminals, 
might cause flash-overs. Proskauer and Smith (1945) 
stated that microorganisms contribute to the retention 
of moisture on surfaces that would normally dry out 
quickly, and the presence of these microorganisms might 
produce paths of low electrical resistance. 

Leutritz and Hermann (1946) searched the literature 
from 1820, the year the galvanometer was invented, 
to 1945 and found no experiments that showed the 
effects of fungi on insulation resistance. They then 
studied the effects of humidity and fungus on unfilled 
and variously filled plastics and concluded that the 
decrease in insulation resistance was due to water 
absorption or adsorption and not due to fungi. There 
have been several additional investigations of the 
problem since 1945. 

Witt, Chapman, and Raskin (1952) tested various 
plastics exposed to fungus and humidity; they used 
hitrogen atmospheres to prevent fungus growth where 
only humidity was desired; and they reported that the 


presence of moisture overshadowed any effects that 
fungi might have produced. 

Luce and Mathes (1951) and Gauvey (1951) worked 
with plastic hook-up wire insulation and, using a tech- 
nique of fumigation to prevent fungus growth, were 
able to separate the effects of humidity and fungi. They 
found that for many good plastic insulating materials 
there was a definite decrease in the direct current 
surface resistance caused by fungi and separate from 
any lowering caused by moisture. This decrease in 
resistance was detected electrically before any visual 
growth of fungi took place. 

Leonard and Patouillet (1951) reported on a labora- 
tory method that compared creepage resistance results 
from sterilized and viable inocula, and they were able 
to show that viable fungi lowered the resistance. 

Dubois and Herou (1952) investigated the effects 
of mold on various plastic materials. They used as 
criteria the time required for travel of high voltage 
sparks and the number of drops of water or ammonium 
chloride solution required for a short circuit. They found 
that with some materials there is a degrading effect 
from the molds, which they attributed to the secretion 
of an electrolytic solution capable of penetrating the 
material. 

In studying a slightly different aspect of the problem, 
Blake, Kitchin, and Pratt (1950) and Blake and Kitchin 
(1949) reported that soil microorganisms can cause 
failure of rubber insulation. The decreases in volume 
resistance were so great that sensitive measuring 
methods were not necessary. 


MATERIALS AND METHODS 


Method of Measuring Conductances 
The insulating materials used in this study were: 
Vinyl pressure-sensitive tapes, black, Nos. 1, 2, 22 and 33 
Vinyl pressure-sensitive tapes, white, No. 20 
Nylon pressure-sensitive tape 
Polyethylene pressure-sensitive tape 
Saran pressure-sensitive tape 
Polyester pressure-sensitive tape 
Polytetrafluoroethylene sheet 
Methyl methacrylate sheet 
Polyvinyl! chloride wire insulation 
Kithylcellulose wire insulation 
Microcrystalline wax block 
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Fig. 1. A, Plastic sheet sample suspended in agar by wire 
electrodes. B, Tape wrapped around a stainless steel bar and 
suspended in a jar by the wire electrodes. 


An effort was made to include the important types of 
electrical insulating tapes with elastomeric backings. 

The method used for measuring the electrical values 
is a modification of that used by Luce and Mathes 
(Gauvey, 1951) for hook-up wires. The tapes, in strips 
2 x 1 inches, were wrapped around stainless steel rods 
214 inches in length and 14 inch in diameter in order 
to leave 14 inch of rod bare at one end. Electrodes con- 
sisted of No. 30 aluminum wire wrapped in a tight coil, 
1,6 inch wide, around the tape so that the electrodes 
were 1 inch apart. A third aluminum wire electrode 
was similarly wrapped around the bare rod to serve as 
a guard. 

The same type of aluminum wrap-around electrodes 
were used on the plastic insulation of the two wires used 
in this study. 

Electrodes were attached to the flat sheet samples as 
described in the American Society for Testing Ma- 
terials (1949) D-257-49T method for attaching binding 
post electrodes to flat solid specimens. The specimens 
were 114 x 1 inches and 1¢ inch thick. Stainless steel 
screws and nuts were used for the electrodes. 

The incubation chambers for all samples were 32- 
ounce wide-mouth jars with plastic screw caps (figures 
1A and 1B). The 314-inch diameter plastic caps were 
modified by cutting out a circle 2%4 inches in diameter 
and filling this cutout with wax. The wax was a mixture 
of 25 per cent plastic wax and 75 per cent paraffin 
wax (mp 60 to 62 C). The surface conductance of the 
wax was less than could be measured with the instru- 
ments used (less than one micromicromho). Holes were 
drilled in the wax portion of the tops for the insertion 
of cork and rubber stoppers as shown in figure 1. Inlet 
and outlet glass tubes were added, and these tubes 
were used for inoculation and fumigation. Distilled 
water was placed in the bottoms of the jars to provide 
the humid atmosphere. Chromel A wires that were at- 
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tached to the electrodes on the flat samples or thp 
aluminum wires used as electrodes for the tape ay 
wire samples protruded through the wax tops an 
served both as supports for the specimens and for eo). 
tinuing the circuit to the leads of the General Radiy 
544B Megohm Bridge! used to measure the curren 
flow. Readings were taken with the bridge 30 secon 
after applying 100 volts across the electrodes. Measur. 
ments were taken over a period of 15 days for each 
specimen. The samples in the jars were incubated, and 
the measurements were made in a room mainitaine( 
at 29+ 1C. 

All of the samples were fairly clean and free froy 
surface debris as received. The samples were handled 
with clean cellulose acetate gloves in order not to soil 
the surfaces. 


Separation of Effects of Humidity and Fungi 


Since fungi will grow only under conditions of fairly 
high humidity, and high humidity is known to increase 
the surface conductance of materials, it was necessary 
to distinguish between the effects produced by the 
moisture alone and the combination of moisture and 
fungi. 

In order to make this distinction, the samples were 
exposed to the four conditions listed below before incu- 
bation at a nominal 100 per cent relative humidity. 

Condition F. The sample was fumigated with ethylene 
oxide and then flushed with sterile air. This exper- 
mental condition would indicate the effects of moisture 
on the insulating materials free from microorganisms 
and added surface contaminants. Any effects produced 
by the 48-hour exposure to the fumigant would also 
appear. 

Condition I. The sample was fumigated, flushed with 
sterile air, and then inoculated. This procedure would 
show the combined effects of moisture, fungus growth, 
and the surface contamination caused by the inoculum. 

Condition IF. The sample was fumigated, flushed, 
inoculated, refumigated, and flushed. This condition 
would show the effects of moisture and surface con- 
tamination from the nonviable spores and bran dust. 

Condition N. The sample was incubated as received. 
This method would show the effects of moisture and 
the flora normally present on the insulating material. 
This condition was also used to help determine whether 
fumigation had any effect on the material. 


Inoculation Method 


A large amount of inoculum was prepared by grow- 
ing four species of fungi; Aspergillus niger, A. flavus, 
Penicillium luteum, and Trichoderma sp., on moist brat 
powder in 32 ounce jars. After a 5-week incubation 
period, the bran culture was allowed to dry at room 


' General Radio Co., Cambridge, Mass. 
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temperature. The resulting inoculum consisted of a 
mixture of dry bran powder fungus spores, and mycelial 
fragments. 

For inoculation, the plastic samples, attached to a 
jar top with the wax insert by means of the chromel or 
aluminum wires, were lowered into the jar containing 
the inoculum. The cap was screwed down. By means 
of a rubber bulb attached to the glass inlet tube, an 
air blast was introduced into the jar. The fungus spores, 
along with some bran, deposited fairly uniformly on 
the surfaces of the specimens. After a 5-minute period 
for the inoculum dust to settle, the samples still at- 
tached to the cap were placed in the jar that served 
as the incubation chamber. Sterile distilled water was 
added to the jar through the glass inlet tube just before 
incubation. When the glass tubes were not in use, a 
sterile cotton plug was placed in the outlet tube, and 
a sterile glass rod attached to the inlet tube. 


Fumigation Method 


The fumigant that was selected to kill the fungus 
spores on the samples was ethylene oxide. It was found 
that many fumigants act as solvents or react with the 
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elastomeric materials used. Ethyl mercuric phosphate 
was an excellent fumigant but was difficult to remove 
from polyvinyl materials by aeration. Propylene oxide 
was also a good volatile fungicide but had deleterious 
effects on the polyvinyl tapes. 

Sterilization was accomplished by passing ethylene 
oxide through the dry jar containing the samples at a 
rate of 500 ml per minute for 30 minutes. The gas in 
the jars was allowed to act on the samples for 48 hours. 
The fumigant was then removed from the jar by flush- 
ing with a stream of sterile air for one hour. 

RESULTS 

Figure 2 shows the surface conductance values of 
eight insulating materials during the 15-day incubation 
period. The values are the averages of 8 to 10 specimens. 

The samples that were sterilized by the fumigant 
did not show any significant increase in conductance. 
All the samples that had viable spores showed a pro- 
nounced increase in surface conductance going from 
one micromicromho or less to between 10,000 and 
100,000 micromicromhos. 

The only untreated (condition N) sample that showed 
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Fig. 2. Effect of molds (and bran dust) on the DC surface conductance of electrical insulating materials. Code: A, Condition 
I, viable inoculum. O, Condition IF, dead inoculum. X, Condition F, sterile but not inoculated. 0, Condition N, incubated as 


received, 
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an appreciable increase in conductance was the ethyl 
cellulose covered wire, and this may be attributed to 
the microorganisms that happened to be present on 
the material. If allowed to incubate long enough (up to 
57 days), some samples of other materials of condition 
N also showed an increase in conductance. This is also 
attributable to the natural flora present on the samples. 
The effects of moisture and small amounts of nonviable 
surface contaminants were negligible, whereas the 
presence of viable fungus spores under moist condi- 
tions definitely increased the surface conductance. 

Fungus growth was visible after two days’ incuba- 
tion on all the samples of condition I, except for vinyl] 
tape No. 20. However, vinyl tape No. 20 did have 
fungus growth visible when examined under the micro- 
scope. None of the samples of conditions F and IF had 
visible growth. 


Effects of Added Nutrients 


No Added Nutrients. The negative results of condi- 
tion IF proved that bran without viable spores does 
not produce an increase in surface conductance. How- 
ever, in order to determine the extent to which bran 
aided the viable spores in producing the increase in 
conductance, a number of experiments were conducted 
in which spore dust alone, without any added nutrient 
such as bran, was used as the inoculum for comparison 
with an inoculum containing bran. The experimental 
procedure was similar to the one described above. In 
order to obtain spores without added nutrients, the 
molds were grown on cellophane, and the spores were 
shaken loose from the culture by an air blast. A heavy 
load of spore dust was used as the inoculum. The 
samples were not fumigated in this experiment. 

It was found that a longer time was required for an 
increase in conductance when bran was not present 
(figure 3). The increase is, however, faster than in 
condition N of figure 2 because of the large number of 
spores present on the samples. 
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Fig. 3. Effects of molds, with and without added bran dust, 
on the DC surface conductance of «a vinyl electrical insulating 
tape. 


Inorganic Nutrients. The conductance of insu ating 
materials was measured after inoculating the sainp 
in the following four ways. 
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Condition DI. Inoculated with a spore SUSE Asio) 
made up in distilled water. 

Condition MI. Inoculated with a spore suspension 
made up in a dilute solution of inorganic salts.? 

Condition M. The inorganic salts solution only, with. 
out spores, was applied to the samples. 

Condition N. Incubated as received. 

Triple washed spore suspensions of the four species 
of fungi grown on potato dextrose agar slants were used 
as inoculum. The spore load was adjusted to 2,000,000 
spores of each organism per ml of distilled water o 
inorganic salts solution. The insulating materials were 
inoculated by spraying with the spore suspensions by 
using an atomizer at 16 lb air pressure. However, viny! 
tape FA No. 1 and the nylon tape were inoculated by 
placing individual drops of the mixed spore suspensions 
on the samples. Spraying these samples produced an 
immediate increase in surface conductance, but inocula- 
tion with individual drops did not produce this effect. 
Fumigation was not used in these experiments. Figure 
4 shows the effect of the four conditions of inoculation 
and incubation on the average DC surface conductance 
of seven insulating materials. In all cases, the viable 
fungus spores plus mineral salts (condition MI) in- 
creased the average surface conductance to values 
ranging from 7000 to 200,000 micromicromhos. 

The results from the vinyl tapes and the polyester 
tape indicate that for the 15-day period studied minerals 
are required for the fungi to have an effect. Viable fungi 
in distilled water had only a negligible effect during this 
period, as did mineral salts without any added spores. 
The same is true of the polyethylene tape, except that 
there appeared to be sufficient naturally occurring 
organisms on the samples to produce a delayed con- 
ductivity increase under condition M. 

Nylon undergoes an increase in surface conductance 
that could be measured and which is due to moisture 
absorption. The presence of viable spores appeared to 
increase this conductivity. 

The results showed that Saran tape must have con- 
tained at least some of the required minerals, since 
there was an increase in conductance when inoculated 
with spores in distilled water. 

The insulating materials inoculated with mineral 
salts plus viable fungus spores showed similar results 
to the specimens inoculated with bran plus viable spores. 
Microscopic fungus growth appeared after 5 to 7 days’ 
incubation on the nylon tape and vinyl tapes Nos. 1, 2, 
and 22. No growth was visible on the Saran and poly- 
ethylene tapes. However, microscopic examination a 


2 KHePO,, 0.7 g; KLHPO,, 0.7 g; MgSO,-7H2O, 0.7 g; NH NO: 
1.0 g; NaCl, 0.005 g; FeSO,-7H20, 0.002 g; ZnSO,-7H2O, 0.1102 ¢: 
MnSO,-7H:0, 0.001 g; water, 1.0 liter. 
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Fig. 4. Effects of molds and mineral salt solution on the DC surface conductance of electrical insulating materials. Code: A, 
Condition M, mineral salt solution and mold spores. O, Condition D1, distilled water and mold spores. X, Condition M, mineral 


salt solution only. 0, Condition N, incubated as received. 


450 showed a sparse continuous mycelial network 
between the two electrodes on the latter materials. 


Relation of Microscopic Fungus Growth to DC Surface 
Conductance 


Some of the previous observations indicated that a 
large increase in surface conductance occurred when 
a continuous mycelial network or bridge occurred be- 
tween the two electrodes. An experiment was designed 
to correlate the extent of microscopic fungus growth 
with changes in DC surface conductance. 

Methy!] methacrylate sheets, 'g inch thick, were cut 
into strips 1 x 114 inches and inoculated with the four 
spore suspensions made up in distilled water and in 
mineral salt solution as described above, except that 
the spore load was reduced to 400,000 of each organism 
per ml. 

Surface conductance measurements were made and 
the plastie blocks then examined at 450 for extent 
of fungus growth. It was found that no increase in 
conductance occurred until a mycelial bridge formed 
between the two electrodes. Figure 5 illustrates the 
extent of mycelial growth on the plastic blocks and 


the corresponding surface conductance values in micro- 
micromhos obtained when the spore suspensions were 
made up in distilled water and in mineral salt solution. 
The surface conductance increased as the mycelial 
network became more and more extensive. In some 
samples a mycelial bridge of connecting hyphal strands 
did not form on the methy] methacrylate blocks. In the 
latter case no increase in surface conductance occurred. 
In a few samples, a mycelial bridge formed even on the 
specimens inoculated with the spores made up in dis- 
tilled water and an increase in the surface conductance 
was recorded in these specimens. 

Figure 5 shows that only a small percentage of the 
spores used in the inoculum germinated. The methyl 
methacrylate blocks were not sterilized. Some of the 
growth on the plastic may therefore be due to con- 
taminating molds normally present on the surface. 

Discussion 

It has been reported (Leutritz and Hermann, 1946; 
Leutritz, 1948; Witt et al., 1952) that the effects of 
moisture on the insulation resistance of plastic insulat- 
ing materials overshadow any effects caused by fungi. 
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Fig. 5. Comparison of mold growth and conductance values with methyl methacrylate blocks. The mold spore suspension was 
made up in mineral salts solution for specimens A, B, and C, and was made up in distilled water for specimen D. The conductance 


values are shown in the lower left hand corner of each photograph. 


With certain insulating materials, such as paper or 
wood-filled laminates, this is probably true. But the 
insulation resistance of these materials is substantially 
affected by moisture. During the course of the present 
study, it was found that the surface conductances of 
paper and cloth electrical insulating tapes were mark- 
edly increased by exposure in humid atmospheres. Any 
effects produced by a combination of moisture and fungi 
on paper and cloth insulating materials were not found 
to be significantly different from those produced by 
moisture alone. 

The results of this report do show that fungus growth 
is of prime importance in increasing the DC surface 
conductance of insulating materials that are almost 
unaffected by moisture. These moisture-resistant in- 
sulating materials are chosen for use in equipment, be- 
cause it is expected that their insulation resistance will 
not be affected by highly humid conditions. 

The presence of surface contaminants, such as carbo- 
naceous materials and dust, have been reported (Mathes 
et al., 1949) to affect adversely the electrical properties 
of insulating materials. In this study the presence of 
small amounts of dead inoculum and bran dust did not 
change the surface conductance of the electrical in- 
sulating materials. 

Viable mold spores on moisture-resistant insulating 


materials are able to increase the surface conductance 
under humid conditions because they are able to grow. 
It is characteristic of their growth that the hyphae 
formed from germinating spores connect in order to 
form a mycelial network. This occurs soon after germi- 
nation and at first is visible only by using a microscope. 
If the amount of available nutrients is limited, mold 
growth visible to the naked eye may never occur but 
the conducting mycelial network may still be present. 

Unless the materials are sterile, there are usually 
sufficient mold spores naturally present on insulating 
materials to produce eventually this conducting my- 
celial network. Intentional inoculation with numerous 
mold spores accelerates the rate of conductivity in- 
crease. 

Most good electrical insulating materials are fairly 
free of the inorganic nutrients required for mold growth. 
For this reason, the mycelial network may not form on 
clean materials. Only small amounts of these nutrient 
materials are required to form a microscopic conduct- 
ing mycelial network. In service, small amounts of 
dust and debris that may be present on the material 
would be sufficient to provide the required nutrients. 

Even though molds were found to produce a 10°-fold 
increase in surface conductance, the highest value 
measured was less than one micromho. It is probable 
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that this increase in conductance on insulating surfaces 


‘will be serious only in very high impedance circuits. 
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SUMMARY 


The effects of fungus growth, as separated from the 
effects of moisture on the direct current surface con- 
ductance of a number of moisture-resistant electrical 
insulating materials, were determined. Several pressure- 
sensitive insulating tapes with elastomeric backings 
were included in the study. 

The surface conductance of the materials was in- 
creased to 10 to 10° micromicromhos in the presence 
of viable fungi and 100 per cent relative humidity. 
When the fungus spores were present but killed by a 
fumigant, the surface conductances remained at less 
than one micromicromho. The rates of increase in 
surface conductance caused by the fungi were ac- 
celerated by small amounts of such accessory nutritive 
materials as could be present in dirt and debris. Cor- 
relation studies of the extent of microscopic fungus 
growth with surface conductance showed that the in- 
crease in conductance is due to the formation of a con- 
tinuous mycelial bridge or network between the two 
electrodes. 
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Considerable quantities of unlined flax fire hose are 
used in Canada by the various forestry fire-prevention 
services comprising those of the federal and provincial 
governments and also of a number of pulp and paper 
companies. The annual replacement of such hose in 
Canada is large, and estimates made by competent 
forestry protection officials run as high as three million 
feet. 

The life of this hose varies widely, from 1 or 2 to 
10 or 15 years. Obviously, the circumstances under 
which the hose is used and the care which it receives 
between periods of use are important factors. The ex- 
tent to which the hose is subjected to abrasion against 
rocks and stones will obviously affect its life. Less 
obvious, perhaps, is the possibility of microbiological 
damage caused by cellulolytic fungi and _ bacteria, 
usually referred to as “mildew.” 

That mildew damage can shorten the life of hose has 
been recognized, and, in most cases, those using it are 
aware of the fact that it should be hung up to dry be- 
tween periods of use, and, when not in use, stored in a 
dry place, since damp storage is known to favor mildew 
attack. The extent to which these desirable procedures 
‘an be generally achieved is another matter, and there 
is little doubt that, in periods of frequent use, large 
quantities of hose fail to receive the care which, under 
less urgent circumstances, could be given. Even under 
the best conditions of use, the hose is subjected to 
influences which may lead to microbiological attack. 
Thus, it comes into intimate contact with the ground 
and is therefore subject to contamination from soil 
microflora, many of which are known to be cellulolytic. 
Moreover, the water used in forestry fire-prevention 
work and obtained from streams and rivers frequently 
contains an abundance of cellulolytic organisms, and 
hence hose dampened with such water and allowed to 
remain damp for considerable periods may be expected 
to suffer appreciable damage. 

It is not suggested that microbiological attack is the 
only cause of hose failure; the factor of abrasive wear 
already referred to is undoubtedly important. But the 
fact that microbiological attack can occur without too 
much in the way of visual evidence makes it difficult 
to assess. 

Broadly speaking, there have been two schools of 
thought regarding this problem, one claiming that 
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abrasive wear is the chief deteriorating factor and the 
other contending that the mildew factor is the more 
important. 

It was therefore of interest to examine the condition, 
with respect to these two types of deterioration, of 
samples of hose which had been discarded because of 
failure in use. The opportunity to do this was made 
possible as the result of a survey recently made by the 
Forestry Operations Division, Forestry Branch, De- 
partment of Northern Affairs and National Resources 
of the Dominion Government. In this survey a ques- 
tionnaire covering the use, care, and storage of flax 
forestry fire hose was sent out to a number of forestry 
stations throughout Eastern Canada, and, in addition, 
samples of discarded hose were obtained in 150 cases. 
These samples were made available to this laboratory 
for examination, and this paper deals with the data ob- 
tained in examining these samples for evidence of 
microbiological attack. 


MATERIALS AND MeErHops 

A total of 42 representative samples of deteriorated 
hose was examined, from the 150 samples returned. 
The samples selected for test were so chosen as to be 
representative of the total number of samples received. 

The surfaces of the hose showed, in all cases and in 
varying degrees, a threadbare appearance when ex- 
amined under the low power of a microscope. All of 
the samples showed considerable soiling, some showing, 
in addition, blackish or brownish discolorations oc- 
curring in streaks or irregularly shaped areas. In a few 
cases, discolored patches of a lighter color were present, 
the discoloration penetrating through to the inside of 
the hose. 

The majority of samples showed one or more fabric 
breaks, either as ragged holes, slits, or broken yarns, 
occurring on the flat or along the edges of the samples. 

Visual examination of the inside of the hose showed 
an apparently normal appearance with regard to the 
condition of the yarns, but in the majority of cases the 
surface carried a brownish discoloration. 


Microbiological Damage 


taken from the threadbare areas of the 
samples appeared to have strong and weak spots as 
judged by pulling between the fingers. The threadbare 
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appearance of the fabric and the uneven strength of 
the yarns taken from it are characteristic both of abra- 
sion and microbiological damage, and hence some 


method was necessary to characterize the damage 
more precisely. A number of routine stain tests, for 
example, Congo red and methylene blue, were tried, 
and although damage to the fiber was quite apparent, 
proof of the origin of the damage was not conclusive. 
Search for a stain which would clearly distinguish 
between the various types of damage resulted in the 
use of the stain designated as Pianese III b. This was 
originally, and is still used in pathological work (Pia- 
nese, 1896), chiefly in the field of plant pathology 
(Vaugham, 1914). Siu (1951) mentions that Jennison 
(1930), a plant pathologist, developed a technique with 
this stain using cotton as the substratum, but there is 
no evidence that this work was followed up in the 
fiber field. One of the authors (Gardner, unpublished 
data), had made use of the stain in detecting the in- 
cidence of molds on plant tissue, and it was believed 
that it might be applied equally well to the hose samples, 
since the substratum in each case was cellulosic in 
character. With certain modifications in technique, 
the test proved highly satisfactory when applied to 
the linen fibers of the hose. As a result of the success 
obtained with this particular fiber, further work is 
under way involving other cellulosic fibers. 

This test gives a differential staining of the fungal 
mycelial cells and those of the cellulosic substratum. 
The fungus is stained pink and the flax, on which the 
fungus has grown, is stained green. 

The composition of the stain used was as follows: 


Naphthol yellow S 0.01 g 
Malachite green 0.50 g 
Acid fuchsin 0.10 ¢ 
Distilled water 150 ml 
95 per cent ethanol 50 ml 


In carrying out the test, a representative sample of 
the yarn was wetted out, first in distilled water and 
then in 95 per cent ethanol, and immersed in the stain 
for 30 minutes. It was then rinsed in water, in 95 per 
cent alcohol, and finally in 95 per cent ethyl alcohol 
containing a small amount of hydrochloric acid (4 
drops concentrated acid to 30 ml alcohol), again in 95 
per cent alcohol, in alcohol-benzene (3:1 by vol), in 
alcohol-benzene (1:3 by vol), and finally in benzene. 
The fibers were then mounted in Canada Balsam and 
benzene and examined under the microscope. 

A reference sample was prepared consisting of a new 
flax hose which had been subjected to microbiological 
deterioration in the laboratory. This sample had been 
buried for two weeks in biologically active garden 
soil in the standard “soil burial’ test (National Re- 
search Council, 1952) and showed a loss of breaking 
strength of 85 per cent. 

All of the samples of hose showed pink staining in 
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varying degrees. The location of the staining varied, 
some of it being noted along the edges of the fibers, 
some throughout the fibers, thus indicating serious 
injury to the latter and some at the ends of broken 
fibers. In many cases, colonies of fungus spores were 
noted. 

The amount of fungus attack found in the samples 
varied. Of the 42 samples examined, 31, or 74 per cent, 
contained sufficient fungal mycelium to account for 
severe damage, and 6, or 14 per cent, showed a suffi- 
cient amount to indicate moderate damage. In only 
5 cases, or 12 per cent, was the amount of mycelial 
growth small enough to warrant the conclusion that 
only slight damage had occurred. In these latter two 
groups, + of the samples showed evidence of chemical 
damage severe enough to account for the failure of the 
samples (see below). The failure of the rest of the 
samples is attributable to mechanical damage, mostly 
abrasion, in use. 


Nonmicrobiological Damage 

A few of the samples which appeared to have suffered 
a relatively small amount of microbiological damage 
were found to have undergone considerable loss in 
strength. In some cases, the samples showed discolored 
areas, usually lighter than the surrounding areas, and 
presented the appearance of having been wetted locally 
with some liquid which had produced the staining. 
Tests for chemical damage were carried out on these 
by using the methylene blue and sodium zincate tests 
(Kornreich, 1949), and in the majority of these cases 
positive tests were obtained. The chemical damage was 
of the hydrolytic type and could have been caused by 
contact with a strong acid, for example, battery acid. 
One sample showed a hole with surrounding discolored 
area in which the damage was judged to be the result 
of a scorch. A few of the samples showed staining 
caused by iron rust. 


Prevention of Microbiological Damage 


During the last war vast amounts of military tex- 
tiles, for example, webbing, tentage and tarpaulin 
duck, cordage, were rendered unserviceable by micro- 
biological attack. This situation stimulated a very 
large amount of research designed ultimately to over- 
come this situation. The resulting work has included 
studies on the mechanisms by which fungi and _ bac- 
teria bring about the breakdown of cellulose, the 
types of organisms involved, and ways and means of 
protecting textile materials from microbiological at- 
tack by the use of fungicides. Some work had already 
been carried out in all of these fields prior to World 
War II, but our present state of knowledge in this 
general field is mostly the result of the large number of 
systematic investigations of the types referred to above 
which have been carried out in recent years. 
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It appears from the data reported in this paper that 
the factor of microbiological deterioration in hose is a 
highly important one. It will be obvious that such at- 
tack not only reduces the strength of the yarns in the 
hose, but, in so doing, also renders the yarns more 
readily liable to damage by abrasion of the hose against 
hard objects while in use. To this very important ex- 
tent, then, the two factors referred to in the early 
part of this paper, namely, microbiological attack and 
abrasive wear, are interrelated and anything that can 
be done to reduce the first will automatically improve 
the situation with respect to the second. 

Microbiological attack on the forestry fire hose used 
in Canada could probably be reduced to a low level if 
it were possible, in all circumstances, to devote the 
necessary care to the handling, drying, and storage of 
the hose. It is doubtful whether this can be achieved 
in practice, and it is believed that a much more realistic 
approach to the problem would be either to use hose 
made of a fiber that is immune to attack or to treat the 
hose in present use with a suitable fungicide to inhibit 
attack. Regarding the first possibility, it is known that 
certain synthetic textile fibers, such as nylon, Orlon, 
and Dacron, are not attacked by microorganisms, and 
the same is true of acetate fiber and partially acetylated 
cotton. Rubberized hose, in which the fabric was 
covered with a layer of rubber or some similarly re- 


TABLE 1. Effect of leaching and soil burial on 
flax hose treated with various fungicides 


Breaking Strength Breaking Strength Loss of 
Loss of Leached Samples 

Leached Samples after 2 Weeks’ Burial 
Per cent Per cent 


Compound and Content of 
Active Ingredient 
er cent 


30 days 60 days | 24 hrs , 60 days, 30 days 


Copper naphthenate 


PE NONR Coe 2 -wias 0 10 7 

POG AL......-. pa No significant 
loss 

1.40 Cu No significant 
loss 


DDBAN (Solvent) 


0.55 : 74 85 78 
ee botenk: | 24 48 71 
) ea No significant 9 22 50 
loss 
DDBAN (Water emul- 
sion) 
0.52. . : ; ~ | 40 94 80 
1.00. | 2 75 | 78 
0} 1 | 43 
Copper 8-quinolinolate 
0.036 Cu No significant 
loss 
0.082 Cu No significant 
loss 
0.185 Cu No significant 
loss 


Untreated control...... 23 35 84 


TaBLeE 2. Loss of treating compounds on leachin, 


Loss of Compou 


Compound and Content of Active Ingredient Per cent 


er cent 


Leached 30 days) Leach« { 60 days 


Copper naphthenate 


0.42 Cu : 12.5 11.8 

1.04 Cu 9.2 5.3 

1.40 Cu. . 7.8 13.2 
DDBAN (solvent) 

0.55 50.9 66.4 

1.25 51.6 61.2 

2.00 ee a 50.0 59.3 
DDBAN (water emulsion) 

0.52 73.3 84.8 

1.00 74.6 SS.6 

2.07 i2.0 S1.4 
Copper 8-quinolinolate 

0.036 Cu 13.9° 25.0 

0.082 Cu . : 6.1 19.5 

0.185 Cu : ay 16.2 22.4 


sistant covering, would be expected to show good 
resistance. Some use is being made of hose containing 
a nylon weft and cotton warp, but until materials of 
this kind become generally used in hose manufacture, 
the use of fungicides seems to offer a suitable method 
for achieving protection. 

A number of textile fungicides have been suggested 
for this purpose, and some of these are currently being 
used, the best known being copper naphthenate, 
preferably applied from a solvent bath. A comparative 
newcomer in the field is copper 8-quinolinolate, which, 
although more costly than copper naphthenate, pos- 
sesses a much greater toxicity to microorganisms and 
can therefore be used in smaller amounts and obtain 
the same degree of protection. 

The choice of a suitable fungicide for flax forestry 
hose is governed by a number of considerations. While 
it is not the purpose of this paper to discuss at length 
the subject of hose treatments, it may be pointed out 
that the most important properties of a fungicide to 
be considered are fungicidal potency, absence of harm- 
ful effects on the fabric, freedom from toxic effects in 
humans, good resistance to removal by water leaching, 
unimpairment of the flexibility and water-holding 
characteristics of the hose, reasonable cost, and ease 
of application. 


Fastness to Water Leaching of Some Tezxtile Fungicides 


Data have recently been presented by two of the 
authors (Rose and Bayley, 1954) on the resistance to 
water leaching of some textile fungicides applied to 
flax forestry hose, and it was considered of interest to 
include an outline of the results in the present paper. 
Five fungicide preparations were employed: Copper 
naphthenate concentrate containing 8 per cent copper 
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metil was applied from a solvent solution; a solvent 
soluble preparation of dodecyldimethylbenzylammo- 
niumnaphthenate containing approximately 50 per 
cent of active ingredient; a preparation of dodecyldi- 
methylbenzylammoniumnaphthenate containing ap- 
proximately 50 per cent of active ingredient was 
applied as a water emulsion; and preparations of solu- 
bilized copper 8-quinolinolate, (U.S. Patents, 1951) 
containing 1.8 per cent copper metal, obtained from 
two different manufacturers. The treated samples were 
subjected to leaching in running water at 25 + 1 C 
for periods of 24 hours, 30 days, and 60 days, respec- 
tively. They were then analyzed for content of fungi- 
cide and subjected to 2 weeks’ soil burial in order to 
evaluate their resistance to microbiological attack. 

The data, in condensed form, are given in tables 1 
and 2. It will be seen that both copper compounds per- 
formed well, whereas the other compound appeared to 
be removed by leaching, to a substantial extent, 
thereby reducing the resistance of the hose to subse- 
quent microbiological attack. It will also be seen that 
copper 8-quinolinolate, even in an amount equivalent 
to 0.036 per cent copper, gave complete protection 
under the conditions used. 
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SUMMARY 


A study of a representative number of samples from 
150 samples of flax forestry fire hose which had failed 
in use showed that 74 per cent contained sufficient 
fungal mycelium to account for severe damage. It is 
therefore believed that the failure of the samples may 
be attributed to the effect of microbiological damage, 
either in lowering the bursting strength of the hose or 
in rendering the hose more susceptible to damage by 
abrasive action against rock, stones, and other matter 
during use. 

Of three fungicides applied to hose exposed to leach- 
ing in running water for 30 and 60 days, and subse- 
quently tested for content of fungicide and also sub- 
jected to soil burial, copper naphthenate and copper 
8-quinolinolate performed satisfactorily. 

Copper 8-quinolinolate was found to impart complete 
protection at a content as low as that corresponding to 
0.036 per cent copper on the weight of the fabric. The 
properties of this compound are believed to be ad- 
mirably suited to its use as a fungicide for unlined flax 
forestry fire hose. 
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The best method to prevent deterioration caused by 
fungi is to utilize materials that are not susceptible to 
their attack, and this principle is used in the United 
States Air Force equipment wherever possible. How- 
ever, relatively large amounts of cotton or other ma- 
terials susceptible to fungus attack are used in order 
to obtain the necessary physical properties for air- 
craft or related equipment. 

Materials selected to be discussed in this paper in- 
clude cotton fabric, heavy cotton parachute webbings, 
light slide fastener tapes, vinyl-coated fabrics, vinyl 
tubing, rubber, and leather. Each material will be 
discussed in the following way: description of material 
with related requirements, requirement for fungicide, 
acceptable techniques for evaluation, and acceptable 
fungicides and amount required to give adequate pro- 
tection. As was stated previously, the use of synthetic 
materials in many cases would alleviate the problem of 
mildew or fungus growth, but cost, availability, or 
inherent physical properties of these synthetics still, 
in many instances, necessitate the continued use of 
cotton or other materials susceptible to fungi in order 
to obtain optimum functionability of end items. 

It has been found that cotton materials used as 
protective coatings, equipage, webbings, and integral 
components of flying clothing and equipment, in many 
cases, require chemical treatment to prevent micro- 
biological damage during storage and use. 

Microbiological activity is greatest in tropical regions 
and somewhat less in temperate areas, but because of 
the mobility of the United States Air Force (USAF) and 
the different locations of Air Force installations, the 
need for cotton items may exist in tropical, desert, arctic, 
and temperate areas. The varied environmental condi- 
tions under which these items must remain serviceable 
necessitate treatment with an efficient, nontoxic fungi- 
cide that is stable during and after storage under ad- 
verse conditions and after prolonged exposure to heat 
and moisture. 

Specifically, cotton fabric materials, including cotton 
duck, must withstand storage conditions and micro- 
biological action that will be encountered when in 
use in any of the above-mentioned areas. 


Heavy cotton webbings normally would need most 
protection during storage, but in some cases (such as 
maximum effort parachute drops of materials to be- 
leagured troops), the chutes are gathered and_ placed 
into piles while awaiting reclaim under conditions which 
can be ideal for microbiological damage. Therefore, 
they must be protected against that type of exposure. 
Slide fastener tapes must be fungistatic during storage 
and while being used as components of flying clothing 
and equipment. 

Treated fabrics, webbings, and slide fasteners are 
evaluated in the laboratory by means of a mixed spore 
inoculation agar plate test. The loss of more than 10) 
per cent in breaking strength in any of the materials 
resulting from this test constitutes cause for rejection 
of the fungicidal treatments. 


Cotton Fabric Materials 


The USAF has accepted four fungicidal chemicals 
which, when satisfactorily formulated, will protect 
cotton fabric materials. These chemicals are 2,2’- 
dihydroxy-5 ,5’-dichlorodiphenylmethane (3DM) cop- 
per-8-quinolinolate (Cu-8); a synergistic mixture of 
zine salts of dimethyldithiocarbamic acid and 2-mer- 
captobenzothiazole (the mixture containing not less 
than 95 per cent of zine dimethyldithiocarbamate) 
(Zn2D); and dehydroabietylammoniumpentachloro- 
phenoxide (DAAP). Copper-8-quinolinolate is used only 
for olive-drab colored fabrics, while the other fungicidal 
chemicals may be used in any colored fabrics. 

The fungicidal chemicals and methods for fungus 
resistant treatments are shown in the table on the 
following page. 


Heavy Cotton Webbings 


Heavy cotton webbings containing a concentration 
of 0.18 to 0.25 per cent as metallic copper derived from 
an organic solvent dispersion of copper-8-quinolinolate, 
have been found to be adequately protected from micro 
biological damage. An organic solvent dispersion of 
copper-8-quinolinolate is stressed. Other type formu- 


lations do not penetrate enough to reach the inner 


tightly woven threads of the webbings. Therefore they 
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Per cent 
a a Fungicide Based on 
Fungicide Total Weight of 
Finished Fabric 


Method of 
Application 


2,2'dihydroxy - 5,5’ - di 1.25 + 0.25 2 bath aqueous 
chlorodiphenylmethane 
(3DM) 
Copper - 8 - quinolinolate 
(Cu-8) dispersion form 
Copper - 8 - quinolinolate 
(Cu-8) metallie Cu) | 

Mixture of coprecipitate of | 1.25 + 0.25 | 2 bath aqueous 
zine salts of dimethyldi- | or 1 bath 
thiocarbamic acid and 2- | 
mercaptobenzothiazole. 
Not less than 95 per cent 
of zine dimethyl dithio 
carbamate (Zn2D) 

Dehydroabietyl ammo 
niumpentachloro — phe- 
noxide (DAAP) 


or solvent 


15 + 0.05 (as | 
metallie Cu) | 
.15+0.05 (as | ¢ 


bath aqueous 
or solvent 
bath aqueous 


aqueous dis- 
persion 


bath solvent 





do not afford satisfactory treatments to the entire 
webbings. 


Slide Fastener Tapes 


The mildewproofing of cotton tapes of slide fasteners 
used in flying clothing and equipment has presented 
some special problems in that the fungicide must pro- 
tect the tape against rotting organisms and not inter- 
fere with the action of the slide fastener. It has been 
found that the use of Cu-8 in conjunction with brass 
slide fasteners, and the mixture of Zn2D or DAAP on 
zine slide fasteners will eliminate the problem of cor- 
rosion. 


Vinyl-Coated Fabrics 

Vinyl-coated fabrics which are used as wing covers, 
engine covers, Canopy covers or maintenance shelters, 
undergo similar exposures to the natural elements and 
microbiological agents as do the uncoated fabrics and 
must be protected efficiently from deterioration. There 
are added problems since the vinyl coating must pro- 
vide the necessary waterproof barrier, be flexible at 
—67 F, withstand 170 F without any change, and be 
resistant to aromatic gasoline. The addition of a fungi- 
cide therefore must not interfere with any of these 
properties. 

Fungus resistance evaluations of coated fabric ma- 
terials is accomplished by a 14-day soil burial test. A 
loss of more than 10 per cent in breaking strength is 
cause for rejection of this treatment for USAF use. 

Experience has shown that 1.25 to 1.50 per cent 
concentration of Cu-8, in the vinyl coating only, will 
protect both the base fabric and vinyl coating against 
rotting by fungi. This method of protection has been 
used by the USAF since late 1948. 

There are other fungicides approved for USAF use 
in coated fabrics, but these must be in both the vinyl 


coating and fabric to impart the required degree of 
protection, thus adding appreciably to the over-all 
cost. These fungicides are Cu naphthenate (copper 
hydroxy naphthenate) at a 0.4 per cent concentration 
as metallic copper, 3DM at 1 per cent concentration, 
and DBAC (dodecyl dimethyl benzyl ammonium 
cyclopentane) at a 2 per cent concentration. The last 
two mentioned fungicides are most frequently used 
when a color other than olive drab is required. 
Vinyl Tubing 

Vinyl tubing used as insulation sleeving for wiring 
in aircraft and related equipment has physical re- 
quirements necessitating the use of low temperature 
plasticizers. These, unfortunately, are susceptible to 
fungus attack and thereby necessitate the use of a 
fungicide. A satisfactory fungicide must prevent the 
growth of fungus upon the tubing and yet not inter- 
fere with the other properties such as corrosion, water 
absorption, dielectric strength, transparency, flame 
resistance, tensile strength, and low temperature 
flexibility. The means of evaluating vinyl tubing for 
fungus resistance is a 14-day agar plate test with the 
inoculum consisting of the following organisms: A sper- 
gillus niger, Aspergillus flavus, and Trichoderma sp. 

The principal fungicide used in this application is 
copper-8-quinolinolate. However, in many formula- 


_tions of the vinyl compounds, the introduction of this 


chemical in amounts necessary to provide a fungistatic 
tubing causes an opacity in the tubing which makes 
identification of color-coded wiring within the tubing 
impossible. The problem then becomes one of formu- 
lating the vinyl compound so that a minimum amount 
of materials susceptible to fungi are used, thereby de- 
creasing the concentration of fungicide needed for pro- 
tection, or one of using a fungicide that imparts less 
coloring. 

Mercury compounds, which in many instances are 
excellent fungicides, cannot be used in vinyl tubing 
because they volatilize readily and can cause serious 
damage to selenium components of radio or radar 
equipment. 

Wright Air Development Center has developed a 
vinyl tubing compound which exceeds the present 
requirements of the USAF Specification MIL-I-74444 
(Jackson, 1954). One factor, and a very important one, is 
the use of a new type fungicide, which by being very 
effective permits the use of plasticizers having ex- 
tremely good low temperature properties but which are 
very susceptible to fungus growth unless protected. 
The fungicide used in this case is 1-fluoro-3-bromo-4 ,6- 
dinitrobenzene. Only 0.25 per cent of this inhibitor is 
necessary to stop effectively any growth of the fungi 
used in evaluating vinyl tubing to meet USAF Specifica- 
tion requirements. No interference with other physical 
properties of the tubing is caused by this chemical. 
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Rubber Materials 


There have been only a few isolated requests for the 
use of fungicides in rubber materials. Generally it has 
been found that the presence of fungicide in a rubber 
formulation introduced more problems than those 
caused by fungi. When fungicides are incorporated 
into the formulations it is found that many are in- 
compatible with the elastomer or cause accelerated 
aging or corrosion to adjacent metal components. To 
make sure that more problems were not introduced 
than were being corrected, Wright Air Development 
Center conducted further investigations to determine 
the effects of some selected fungicides on the physical 
properties of the rubber materials (P. A. Albert, un- 
published data). It was shown that Cu-8 caused ac- 
celerated aging in natural rubber. Zn2D, when used 
in fungicidal amounts, had the same aging effect on 
natural, GR-S, and Neoprene, rubber materials. 

DAAP, 3DM or Cu-8 did not appreciably affect the 
physical properties of Neoprene or GR-S when com- 
pounded into these elastomers at a 2 per cent concen- 
tration. 

DAAP or 3DM did not affect the physical properties 
of natural rubber at a 2 per cent concentration. 

Based on compatibility, the compounding of Cu-8 
with GR-S and the compounding of DAAP with 
natural rubber or Neoprene is preferred when it is shown 
that fungus resistance is required in rubber materials. 

A 21-day agar plate test was the means used to 
evaluate the fungicidal effectiveness of the chemicals 
introduced into the specimen rubber materials. The 
mixed spore inoculum consisted of Myrothecium ver- 
rucaria, Aspergillus niger, Aspergillus flavus, Penicil- 
lium citrinum, and Memnoniella echinata. 


Leather Materials 


There is a need for effective preservative treatments 
in preventing the growth of fungus on leather materials 
which are normally used under conditions involving 
prolonged skin contact. In addition to being fungicidal, 
the compounds should not cause skin irritation or 
sensitivity in personnel, or cause extensive corrosion to 
metals which may be a component of the finished leather 
item. The compounds must have properties in which 
they can be safely and easily applied to leather ma- 
terials or items, and finally, be relatively inexpensive. 

Two laboratory methods can be used to determine 
the fungistasis of leather treated with fungicidal 
formulations, one a mixed spore-sand method, and the 
other a mycelial mat method. Of the two methods, the 
mixed spore-sand method is easier to accomplish and is 
considered to be superior to the mycelial mat method. 
The mixed spore-sand method is as follows. 

Individual treated leather specimens are placed in 


glass containers and shaken in 20 times their weigh’ of 
distilled water for a period of three hours. The ex:ess 
moisture is then removed by blotting. The moist speci- 
mens are then inoculated with the spore-sand mixture 
and incubated for 30 days at 30 + 2 C and 95 + 5 per 
cent relative humidity. Untreated leather specimens 
which are used as comparative controls are wet with 
distilled water for 5 to 10 minutes, blotted, inoculated 
with the same sand-spore mixture, and incubated under 
the same conditions. Growth of fungi upon the treated 
and nontreated leather specimens is compared. The 
mixed spore-sand inoculum contains spores of A spergil- 
lus niger, Aspergillus repens, Aspergillus flavus, Asper- 
gillus fumigatus, Aspergillus terreus, Paecillomyces 
varioti, Rhizopus arrhizus, Myrothecium  verrucaria, 
Gliocladium fimbriatum, Penicillium pinophilum, Peni- 
cillium luteum, Penicillium  ozxalicum, 
spinulosum, and Penicillium namylowski. 

Toxicity data are obtained by skin-patch testing on 
guinea pigs and human beings. In all cases, toxicity 
approval must be obtained from the Surgeon Generals’ 
Office before the fungicidal formulation can be ap- 
proved for USAF use. 

To date, the United States Air Force has evaluated 
formulations containing o-phenylphenol that meet 
most of these requirements (Townsend and Albert, 
1954). The one requirement not yet attained is that of 
low cost. 

The formulations tested contained o-phenylphenol 
in solution with a hydrocarbon solvent and vegetable 
oils. Data from the investigations involved in the 
formulating of nontoxic leather preservative compounds 
indicate that vegetable tanned leather is fungus re- 
sistant when it contains 1.4 per cent concentration of 
o-phenylphenol. One use being considered for this type 
compound is a field treatment of gloves and other 
leather items by using controlled dip, spray, or brush 
methods of application. 

Wright Air Development Center has conducted pre- 
liminary investigations of four fluorine compounds for 
possible use as nontoxic fungicides in leather. Results 
of these valuations indicate that these fluorine com- 
pounds have good potentialities as leather fungicides 
and that they are not primary irritants or sensitizers 
at the concentrations tested. The compounds are; 
1-fluoro-3-bromo-4 ,6-dinitrobenzene, 1-fluoro-3-chloro- 
4 ,6-dinitrobenzene, 1 ,3-difluoro-4 ,6-dinitrobenzene, 1- 
fluoro-2 ,4-dinitrobenzene. 


Penicillium 


DiscussION 


Wright Air Development Center is continually in- 
vestigating new fungicidal chemicals in an attempt to 
obtain more efficient fungicides than the few mentioned 
in this paper. There are many requirements for fungi- 
cides that cannot be met by available fungicides. If 
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suitable fungicides can be obtained, longer service life 
can be expected for equipment and materials that could 
heeome critical items in times of emergency. 

It must be brought out that concentrations of in- 
hibitors mentioned in this paper as being effective were 
determined from evaluations of effective formulations. 


‘It is not necessarily true that all formulations con- 


taining these concentrations of chemicals will be satis- 
factory fungicides. To illustrate this fact, o-phenyl- 
phenol was not fungicidally effective in many experi- 
mental formulations at higher concentrations than 1.4 
per cent. This was possibly due to a masking effect or 
instability of various oils making the formulation in- 
effective as a fungicide. 

On the other hand, by use of ingredients that are not 
excessively susceptible to fungi and which have pene- 
trating holding qualities, a formulation was prepared 
in which a 1.4 per cent concentration of o-phenylphenol 
was found to exhibit effective fungicidal properties. 
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Although many quick tests have been studied, at 
present there is no substitute for a performance test 
for proper evaluation of a fungicidal treatment. 


SUMMARY 


The Wright Air Development Center has served as 
an agency for evaluating various fungicidal agents for 
application to United States Air Force materials. 
Fungicides have been accepted for treatment of cotton 
fabric materials, heavy cotton webbings, slide fastener 
tapes, vinyl-coated fabrics, vinyl tubing, rubber ma- 
terials, and leather materials. 
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The production of paper and paperboard which are 
resistant to, or will prevent, the growth of mold is a 
branch of the specialty paper field which has developed 
almost entirely during the past 10 or 12 years. It is only 
since attention was drawn to the problem by the ex- 
periences of the armed forces in supplying and storing 
material in tropical areas during World War II that 
serious thought and effort have been directed to the 
field of mold-resistant paper products. It is practically 
useless to search the literature prior to 1940 for ref- 
erences to moldproof treatments for paper. The gradual 
shift from wooden boxes and barrels to paper and paper- 
board containers produced substantial advances in the 
general packaging field and resulted in lower container 
costs and reduced shipping and handling costs. This 
shift to paper was generally successful for domestic 
and normal export packaging. However, when storage 
in Warm, moist climates became necessary, the problem 
of mold really showed itself. Even in the relatively 

' Presented at the Joint Meeting of the Society for Industrial 


Microbiology and the American Institute of Biological 
Sciences, Gainesville, Florida, September 6-9, 1954. 





cool but moist climate of Korea, deterioration of paper 
containers as a result of mold occurred, as shown by the 
photographs and discussion recently published by 
Wharton (1951). 

Since these experiences of the military showed the 
need for moldproof paper products, many private 
industries have come to recognize the problem as 
affecting the storage of their own packaged products in 
temperate as well as in tropical areas. Use of and interest 
in moldproof papers have gradually expanded during 
the past few years for such articles as insulating board 
(Behr, 1948), electrical cables, fertilizer packaging, 
paper sandbags, coal wrap, moldproof multi-wall bags, 
and other special uses. 


Useful Mold-Proofing Agents 


Almost any of the known fungicidal compounds can 
be used, depending on the end use of the product, the 
means of application available, and the fungicidal 
characteristics of the chemical additive. The litera- 
ture of known fungicides is extensive and voluminous. 
One of the best summaries of fungicides and their 
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properties for paper is a pamphlet published by Shema 
and Conkey (1953) for the Biological Control Commit- 
tee of the American Paper and Pulp Association. 
This pamphlet lists the toxicity of 93 fungicides and 
bactericides toward four commonly occurring test 
organisms. An excellent and comprehensive survey 
covering fungicides and all other phases of pulp and 
paper microbiology was published by the Institute of 
Paper Chemistry under the authorship of J. W. Ap- 
' pling, with supplements by Appling and Shema (1940, 
1944, and 1949). 


Application of Mold-Proofing Agents 

For the purposes of treating paper, fungicides may 
be classed as water insoluble, water soluble, or water 
dispersible. Applications of fungicides from organic 
solvents have been made as a paper-converting opera- 
tion, but this operation is impractical because of 
physical and economic factors. Examples of water 
insoluble fungicides are the polyvalent metal salts of 
chlorinated phenols; water soluble, the sodium salts 
of substituted phenols; and water dispersible, certain 
commercial preparations of copper-8-quinolinolate. 

A discussion of the production of such treated papers 
on the paper machine presupposes a certain familiarity 
with papermaking equipment and procedures. Figure 
1 shows a flow diagram and sketch of a paper machine 
and illustrates the various points in the process where 
moldproof treatments may be applied. 

Point of Application A is the beater, where pulp is 
present as a 4 to 5 per cent suspension in water. Since a 
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substantial dilution of the stock to about 0.3 pe: cen 
occurs Just ahead of the paper machine headbox_ only 
insoluble fungicides, those that can be precipitat:d by 
aluminum sulfate, or those substantive to cell ilose. 
can be economically used at this point. Examp'es oj 
fungicides which may be added here are the insoluble 
metallic salts of chlorinated phenols, or prepar: tions 
of copper-8-quinolinolate which will precipitate with 
alum or at a low pH. Retention of fungicide added a 
this point may be only 50 to 75 per cent in the finished 
paper, depending on the amount of water normally 
discharged from the system and the affinity of the 
chemical for cellulose fiber. 

Point of Application B is at the stock metering boy, 
and the same considerations apply to the type of fungi- 
cide as at the beater. The principal difference here is 
that the stock has already been refined in the jordans, 
whereby the mechanical removal of the fungicide from 
the cellulose fiber is eliminated. 

Point of Application C is at the presses, where water 
soluble or dispersible fungicides may be sprayed on the 
felts or press rolls, thereby forcing the chemical into 
the damp sheet by roll pressure. 

Point of Application D is at the size press, where the 
paper is nearly dry, and the solution or aqueous dis- 
persion is sprayed on the sheet just ahead of the press 
rolls. This is probably the best and most economical 
point of application, but it is limited to those fungicides 
which are water soluble or dispersible. Examples of this 
type are the sodium salts of chlorinated phenols and 
stable aqueous dispersions of copper-8-quinolinolate 
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Fic. 1. Flow diagram of papermaking process 
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Test Media 
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25-30% 
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Tap water - 30°C + 1°C 
HH .0 


24 Hours 


Untreated 
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Untreated 
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Untreated 
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Fig. 2. Soil burial test on untreated paper 


The principal advantage here is that 100 per cent re- 
tention of the applied chemical is obtained; this is a 
strong economic factor when 
fungicides are used. 

Finally, the fungicide solution may be applied in 
water boxes on the calender stack (E). This is not quite 
so satisfactory as size press application, but the same 
general considerations apply. 


relatively expensive 


Requirements for the Mold-Proofing Agent 


In considering the specific types of fungicides to be 
used, there are some very definite requirements and 
restrictions to consider, such as toxicity, end use of the 
product, volatility, color, solubility, stability, and fungi- 
cidal activity at practical concentrations. 

The toxicity of a fungicide is a very definite problem 
to the papermaker. Men must handle the concentrated 
materials in making up solutions or in adding to the 
stock in the beater; also, the paper is handled and 


tested after manufacture, and the “broke,” or paper 
Which is culled, is normally sold or reprocessed and 


can thus reappear in papers destined for entirely differ- 


ent uses. Loss to the sewers must be held to a minimum, 
since appreciable quantities of fungicide may be dis- 
charged into rivers and streams with possible reper- 
cussions from state and conservation authorities. 

The end use of the product is a definite limitation to 
the type of fungicide. If exposure to water vapor or 
rain will occur, water-soluble fungicides are ruled out. 
If soil burial or direct contact with moist earth occurs, 
the fungicide must not decompose or leach out. Some 
fungicides, such as copper-8-quinolinolate, are known 
to be particularly good for soil burial. If the product is 
to be used in contact with foodstuffs, nontoxicity is a 
requirement. Each fungicide has its particular charac- 
teristics, and it is therefore obvious that a given paper 
treated with a particular fungicide will not meet all 
requirements. Each product should be specifically 
tailored for a particular end use. 

Volatility of the chemical is of considerable impor- 
tance, since the drying of the paper on the paper 
machine is about equivalent to a steam distillation. The 
use of chlorinated phenols, or other fungicides with a 
strong or irritating odor, may be objectionable to 
factory workers. The drying process may reduce con- 





© 
bo 


HENRY 


Temporary 
Moldproof 


Before 
Soil Burial 


UNLEACHED AND LEACHED 
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Fic. 3. Soil burial test on paper treated with temporary moldproofing agent 


siderably the amount of effective fungicide remaining 
in the paper. 

Color is of importance where specific shades are to 
be matched, or where copper salts, for example, may 
discolor the paper or form colored salts with dyestuffs 
used in the furnish. 

A soluble fungicide may be desirable where aqueous 
solutions are to be applied to the paper, or may be un- 
desirable when solutions are added to the pulp in the 
beater. An insoluble, permanent-type fungicide is neces- 
sary where exposure to the elements or wet ground oc- 
curs. Figures 2, 3, and 4 show the effect of soil burial 
on papers treated with soluble sodium pentachloro- 
phenate both before and after a 24-hour leach in run- 
ning water at 30 C. 

The stability of the fungicide is of obvious impor- 
tance, and of course this property must be linked to 
the end use requirements. It should not decompose 
with pH changes that may occur and must, obviously, 
withstand the conditions of heat and moisture in- 
cidental to drying the sheet on the paper machine. 

Protection against specific organisms or mold species 


requires a knowledge of the relative effectiveness of 
various fungicides toward the organism in question. 
It is therefore obvious that the selection of a fungicide 
for treating paper presupposes a knowledge of the 
specific fungi against which protection is desired and 
the environmental factors involved. 

These are only some of the requirements and condi- 
tions that must be given due consideration when 
selecting a fungicide for use in producing a moldproof 
paper. The principal point is that the manufacture of 
paper treated with a fungicide is truly an exacting 
business and requires careful technical supervision at 
all stages of production, and a due consideration for 
the problems of the customer and the manufacturer 
alike. 


Objectives in Mold-Proofing Paper Products 


Consideration should be given to the objective of 
the treatment. Is it to protect the paper itself from 
deterioration, or is it to prevent mold growth on 
articles which may be packaged in the treated paper? 
For moldproof papers designed to protect only the 
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Fic. 4. Soil burial test on paper treated with permanent moldproofing agent 


paper itself from deterioration, we are currently using 
Chaetomium globosum, a cellulose destroyer, along with 
Aspergillus niger and Aspergillus terreus as test or- 
ganisms for products. As a rule, a layer of material 
directly in contact with moldproof papers is also pro- 
tected because of the slight inherent volatility or 
solubility of the fungicide which produces an inhibition 
zone in proximity to the paper. 

Where protection of the contents of a package is 
desired, such as in wrapping bread, butter, or cheese, 
the field is sharply narrowed to materials with an 
extremely low order of toxicity. Fungicides such as 
alkali propionate, dehydroacetic acid, diphenyl, p- 
hydroxy benzoic acid and others have been used in 
papers in contact with foodstuffs, but such use should 
he closely checked with the Pure Food and Drug Ad- 
ministration, which carefully scrutinizes fungicides for 
use in food packaging. 

Where packaged materials other than foodstuffs are 
(o be protected from mold by a treated paper container, 
the possible use of vapor-phase fungicides may be 
considered. Scheffer and Duncan (1946) tested 47 


different chemicals for fungicidal effectiveness in the 
vapor phase, but there has been no appreciable com- 
mercial use of this method. 


Product Use Tests 


Assuming that a fungicide-treated paper is produced, 
it still must be tested to be certain it will perform 
properly for the customer under his conditions of use. 
Some type of standard test, preferably a rapid one, is 
obviously desirable, since with the paper machine run- 
ning at a thousand feet per minute, and four or five 
thousand pounds of paper rolling up every hour, a test 
method requiring several weeks to perform certainly 
leaves much to be desired from the papermaker’s 
standpoint. The Technical Association of the Pulp and 
Paper Industry has a very active Microbiological Com- 
mittee, ably headed by B. F. Shema. This committee 
recently developed a method for testing fungus re- 
sistance of paper and paperboard which was published 
as a Tappi (1954) Tentative Standard T-487 sm-54. 
This is an excellent testing method from a micro- 
biological standpoint but is hardly suitable for rapid 
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production control since a two-week incubation period 
is specified. Numerous other testing methods have 
been described in the literature and are referred to in 
the references cited for Appling and Shema (1940, 
1944, and 1949). However, it should be emphasized 
that the best practical test for a fungicidal paper is 
performance under actual use conditions or a laboratory 
reproduction of such end-use conditions. If the product 
is to be used in contact with soil, it should be tested by 
soil burial; if it is to be exposed to warm moist air under 
daily cyclic exposure conditions, it should be tested 
in that manner. 

Tensile strength tests of the paper after soil burial 
provides an excellent index of the fungus resistance 
of both treated papers and fabrics. Reproducibility is 
somewhat difficult because of variations in soil bed 
conditions, but the test is so severe that one week of 
soil burial is considered equivalent to one year of 
tropical storage (Siu, 1951). 

In the case of pentachlorophenol derivatives or cop- 
per compounds, relatively rapid analysis may be made 
by colorimetric means, and since the desired fungicide 
content of the paper is known, such analyses can be 
used with some satisfaction for manufacturing con- 
rol. Other colorimetric tests for metals or organic 
tompounds can usually be devised where necessary. 
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The field for fungicidal treatment of paper produ ts 
has barely been scratched. The production and mark ot- 
ing of specialty moldproof papers indicates an increas ng 
general awareness of the problem in industry. As trade 
with tropical areas increases, as the requirements chaige 
in packaging for the armed forces, and as our knowlecig 
of food preservation improves, we can certainly look 
forward to added interest in fungicidal papers. 
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During the past few years, 2,4-dinitrophenol has 
been used for a number of purposes. The drug has 
been employed as a dietary aid for man, an insecticide, 
a weed killer, a dye, and a preservative agent for wood. 
Although toxic in high concentrations, 2,4-dinitro- 
phenol in low concentrations (1 to 25 ppm) has been 
found by several investigators (Lardy and Phillips, 
1943; Loomis and Lipman, 1948; Storey, 1950) to be a 
powerful stimulator of respiration. Furthermore, it has 
been shown that the stimulation is accompanied by 
an inhibition in growth (Loomis and Lipman, 1948). 
Apparently, 2 ,4-dinitrophenol acts on the basic mech- 
anism in the cell by which phosphate-bond generation 
is coupled to oxidative reactions (Fruton and Sim- 
monds, 1953). 

As the drug finds wider application, the likelihood of 
its accidental, or deliberate, introduction to 
sanitary sewage systems will increase, a fact which 
invites the concern of those responsible for the opera- 
tion of sewage 


even 


treatment plants where biological 
processes are employed. The present paper describes 
a study made of the effect of 2,4-dinitrophenol on 
activated sludge, an agent widely employed in aerobic 
biological treatment of sewage. 


EXPERIMENTAL METHODS 


Activated sludge was prepared in the laboratory by 
aerating, in 1-liter graduated cylinders, synthetic 
sewage seeded with domestic sewage. Small portions 
of shredded asbestos were added initially, in order to 
furnish nuclei around which the floc could form. Syn- 
thetic sewage made up according to Butterfield, Ruch- 
hoft, and McNamee (1937), and with an average 
5-day 20 C biochemical oxygen demand of 250 ppm 
and an oxygen consumed value of 530 ppm was 
added at least twice daily. These additions were ac- 
complished by first removing the air supply tubing 
with attached diffuser stones and allowing the sludge 
to settle for 10 minutes. Six hundred milliliter portions 
of supernatant were then drawn off and replaced with 
synthetic sewage. 

Approximately 24 hours prior to making a test run, 
equal portions of mixed liquor (activated sludge plus 
synthetic sewage) were transferred from the incubation 
cultures described above, to 1-liter test tubes fitted 
with air supply tubing and diffuser stones. Fed on the 
same schedule as the incubation cultures, the ac- 
tivated sludge in the test tubes accumulated until, by 
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the time a test run was to be performed, equilibrium 
had become established wherein the suspended solids 
of the mixed liquor (Theroux, Eldridge and Mall- 
mann, 1943) ranged from 1315 to 1495 ppm and the 
Mohlman Sludge Indices (Theroux, Eldridge and 
Mallmann, 1943) from 91 to 94, sludge conditions 
falling within the range of those normally present in 
activated sludge plants treating domestic sewage. 

At the time the tests were performed, the air supply 
was turned off, the activated sludge was permitted to 
settle for 10 minutes, and 800 ml of supernatant was 
removed from each tube, thus leaving almost all the 
floc in the 200 ml remaining After the addition of 
800 ml of synthetic sewage to the tubes, varying quan- 
tities of 2,4-dinitrophenol (CP grade) were added 
from a standard solution of 1,000 ppm and aeration 
was resumed. 

Upon completion of the tests, the air supply was 
again turned off and the mixed liquor permitted to 
settle for 10 minutes. Seventy-five milliliter portions of 
the supernatant were transferred to Erlenmeyer 
flasks, treated with crystals of CuSO, to inhibit further 
decomposition of the sewage, and stored in the refrig- 
erator until their oxygen consumed values could be 
determined. Oxygen consumed values were determined 
in triplicate samples by the United States Public 
Health Service modification of the dichromate method 
(Moore, Kroner and Ruchhoft, 1948). 

RESULTS 

The effect of different concentrations of 2 ,4-dinitro- 
phenol on activated sludge respiring on synthetic 
sewage was investigated for several aeration periods. 
In each case, the effect was determined by comparing 
the oxygen consumed values of the supernatant with 
that of a control. Determinations performed in tripli- 
‘ate on various concentrations of 2 ,4-dinitrophenol 
alone showed the oxygen consumed values to be equal 
to the concentration of the 2,4-dinitrophenol plus or 
minus 3 ppm. Consequently, the oxygen consumed 
values of the supernatant samples were modified by 
subtracting the concentration of the drug present in 
each sample. No effect of CuSO, crystals in the quan- 
tities employed was observed on the oxygen consumed 
values. 

Activated sludge-synthetic sewage systems were 
aerated for 1.0, 1.5, 2.0, and 2.5 hours in the presence 
of 2 ,4-dinitrophenol in concentrations of 5, 15, 25, and 
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Fig. 1. Effect of 2,4-dinitrophenol upon the reduction of the organic fraction of synthetic sewage by activated sludge, the re 


duction being measured by the Oxygen Consumed Test. 


TaBLE 1. Comparison of oxygen consumed values (in ppm) of 
supernatants from activated sludge-synthetic sewage systems 
treated with 4 ppm 2,4-dinitrophenol with those of super- 
natants from systems not treated with the drug 





Concentration of 2,4-Dinitrophenol 
Aeration Period 








0 ca em 
hee. ay _ 
2.5 208 215 
3.5 205 212 
4.5 125 126 
5.5 133 111 
6.5 101 117 


35 ppm. Since it was thought unlikely that concentra- 
tions of the drug in domestic sewage arriving at the 
treatment plant would ever exceed 35 ppm, no higher 
concentrations were investigated. The results of these 
tests, labeled A, B, C, and D, are shown in figure 1. 
Here, as well as in all other tests performed, the maxi- 
mum variation of the oxygen consumed values of the 
individual triplicates from the plotted 
amounted to 8 ppm. 


average 


Other systems containing 4 ppm of 2 ,4-dinitrophenol 
were aerated along with controls for periods varying 
by one-hour intervals from 2.5 to 6.5 hours. The results 
are listed in table 1. 

In order to investigate the permanency of the 2,4- 
dinitrophenol effect, two additional tests were per- 
formed. The first test consisted of aerating for 1.5 
hours 5 activated sludge-synthetic sewage systems, 3 
containing 25 ppm of the drug and 2 serving as con- 
trols. Following the initial aeration period, the sludge 
was separated from the supernatant, washed twice 
with synthetic sewage, and then in the presence of 
fresh synthetic sewage, reaerated for another 1.5 
hours. The concentration and aeration periods em- 
ployed were selected on the basis of the first test re- 
sults in order to give maximum stimulation. Results of 
this test, labeled F, are shown in figure 2. 

The other test was performed in order to determine 
how permanent the inhibitory effect is. This test was 
carried out in the same manner as the first, except that 
aeration periods of 2.5 hours were employed. Results 
are given in figure 2 under test G. 
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Fig. 2. Permanency of the effect of 2,4-dinitrophenol upon the reduction of the organic fraction of synthetic sewage by acti- 
vated sludge, the reduction being measured by the Oxygen Consumed Test. 


DISCUSSION 


From figure 1 it is seen that, initially, the removal 
of organic matter by activated sludge was stimulated 
by the 2,4-dinitrophenol, the stimulation increasing 
with increasing drug concentration. After 2 hours, how- 
ever, a concentration of 25 ppm retarded the activities 
of the sludge to a point where the removal of the or- 
ganic matter by the control equaled or was greater 
than the removal by the sludge treated with the drug. 
After a 2.5-hour aeration period, concentrations as 
low as 5 ppm inhibited sludge activity. From the data 
listed in table 1, it would appear that 4 ppm 2 ,4-dini- 
trophenol exert no significant effect, either stimulative 
or inhibitory, for aeration periods up to and including 
6.5 hours. 

The drug’s effect, both stimulative and inhibitory, 
appears to be reversible, especially within the range 
of drug concentrations investigated. From figure 2, it 
is seen that when the sludge was settled out from the 
systems containing the drug and washed twice with 
synthetic sewage, the effect of the drug was lost. This 
Washing-out effect was observed by Loomis and Lip- 
man (1948) in yeast cells. 
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SUMMARY 


The effect of 2,4-dinitrophenol, in concentrations 
varying from 4 to 35 ppm, on the activity of activated 
sludge was determined. For aeration periods of 2 hours 
and less, the removal of the organic fraction of syn- 
thetic sewage was stimulated by the 2 ,4-dinitrophenol, 
the stimulation increasing with increasing drug con- 
centration. After a 2.5-hour aeration period, drug 
concentrations as low as 5 ppm appeared to inhibit 
sludge activity. Concentrations of 4 ppm, however, 
imparted no inhibitory effect, even after an aeration 
period of 6.5 hours. Both the stimulative and the in- 
hibitory effects appear to be reversible. 
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Frozen foods, as possible health hazards, have been 
remarkably free from suspicion. It is possible, accord- 
ing to Fitzgerald (1947), that frozen fruits and vege- 
tables served in raw salads could very well be a source 
of infection. 

Yurchenco, Piepoli and Yurchenco (1954) studied 
the maintenance of stable infectious bacterial collec- 
tions. They found that the microorganisms remain 
stable and give reproducible “mortality rates’’ after as 
long as two years in freezing storage. No losses in 
viability as a result of freezing and thawing were de- 
tected. The virulence of the organisms was unchanged 
during the storage period. 

Berry (1946) stressed the need for standardized 
methods for the examination of frozen foods. The use 
of Escherichia coli as a test organism was not con- 
sidered feasible because the organism died during 
storage. 

Stock cultures of EH. coli, Salmonella typhosa, and 
Shigella paradysenteriae, inoculated into pasteurized 
orange concentrate and frozen, were so reduced in 
numbers at the end of 24 hours that a plate count 
could not be obtained (Hahn and Appleman, 1952a, 
b). Streptococcus faecalis added from stock cultures or 
from fresh fecal material outlived all other enteric 
organisms. 

Forty-two cans of commercially packed frozen 
orange concentrate from three plants were examined 
by Kaplan and Appleman (1952). All cans contained 
enterococci, but only four showed the presence of 
coliform bacteria. The enterococci were apparently 

‘University of Massachusetts Agricultural Experiment 
Station Contribution No. 971. 


more resistant to the storage conditions of the frozen 
orange concentrate. 

Hucker, Brooks and Emery (1952) during their 
investigation of the bacterial populations of frozen 
beans, peas, and corn found that a cold-resistant basic 
flora appeared in the frozen vegetables. Apparently, 
the bacterial counts at the beginning of storage had no 
relationship to the quality of the foodstuffs after 6 and 
12 months. Sometimes streptococci were the pre- 
dominant organisms in the frozen foods examined. 

By presumptive coliform and enterococcus tests 
Burton (1949) examined 376 samples of commercially 
frozen Canadian vegetables and cantaloupe for fecal 
contamination. The coliform bacteria were apparently 
more dependable than enterococci for indicating con- 
tamination in foods prior to freezing, whereas the 
enterococci were apparently superior indicators in the 
frozen food. No coliform bacteria or enterococci were 
found on vegetables directly after blanching. 

An investigation of the incidence of coliform bac- 
teria in frozen vegetables could very easily give er- 
roneous results (Elrod, 1942). A genus of plant patho- 
gens, the Erwinia, is closely related to the Escherichia- 
Aerobacter group, and the IMVIC reactions for this 
genus and their ability to ferment lactose classified 
them many times as E. coli. Thus, fecal contamination 
was not truly indicated. 

Hajna and Perry (1943) made comparative studies 
of presumptive and confirmative media for bacteria of 
the coliform group and for fecal streptococci. A new 
medium, SF medium, highly specific at 45.5 C for fecal 
streptococci, was developed. A later study by Mall- 
mann and Seligmann (1950) showed that azide dex- 


trose 
azide 
Lit 
medi 
whick 
comp 
the n 
ethyl 
last 
1000 
Azidi 
ethy 
were 
bers 


A 
froze 
Ast 
juice 
mar 
poss 
Fro: 
194 
reco 
1 
tain 
low 
pro 
aliq 
rick 

not 
Thi 
cen 


] 





948 


gen 


FECAL STREPTOCOCCI IN FROZEN FOODS. I 99 


trose broth was more effective than lactose broth, 
azide broth, or SF medium for enterococci isolation. 

Litsky, Mallmann and Fifield (1953) developed a 
medium, containing ethyl violet and sodium azide, 
which was specific for the growth of enterococci. A 
comparative study of Hajna and Perry’s SF medium, 
the method of Winter and Sandholzer (1946), and the 
ethyl violet-sodium azide medium showed that the 
last of these media detected and confirmed 100 to 
1000 times as many enterococci as the other types. 
Azide dextrose broth as the presumptive medium and 
ethyl violet azide broth as the confirmatory medium 
were advocated as a more exact indicator of the num- 
bers of enterococci present. 


MATERIALS AND METHODS 


A bacteriological survey of some commercially 
frozen foods was made as the initial step in this study. 
As many different types of frozen vegetables and fruit 
juice concentrates as could be found in the Amherst 
markets were purchased and examined. Wherever 
possible, tentative procedures for the Examination of 
Frozen Foods (American Public Health Association, 
1946) were followed. The results of this survey are 
recorded in table 1. 

The pH values of the citrus concentrates were ob- 
tained by using a Model H Beckman pH meter. The 
low pH value of the citrus concentrates presented a 
problem at the initial stage of the investigation. When 
aliquot amounts of concentrate were transferred to en- 
richment medium, the bacteria were inhibited and did 
not produce recognizable changes in the medium. 
This difficulty was overcome by neutralizing the con- 
centrate before examination. 

Fifty-gram samples of the fruit or vegetables were 
weighed, transferred to 450 ml of sterile tap water, 
and blended for exactly two minutes in a Waring 
Blendor. The container was put aside for 3 to 5 min- 
utes to allow foam to subside. The citrus fruit concen- 
trates were pipetted directly into the respective 
sampling media. 

The most probable number (MPN) of coliform 
bacteria was obtained by adding 10, 1, 0.1, 0.01, and 
(1.001 ml portions of the blended material to sets of 
five replicate lactose broth tubes. Transfers were made 
into brilliant green lactose bile broth from all tubes in 
which gas had formed within 48 hours. Streaks were 
made on eosin methylene blue agar plates from the gas- 
positive lactose tubes. 

The MPN of fecal streptococci was obtained by the 
same procedure as that for the coliform bacteria, ex- 
cept that azide dextrose broth was the presumptive 
medium and ethyl violet azide broth was the con- 
firmative medium. 

In table 1, brilliant green (BGB) lactose bile broth 


is compared with eosin methylene blue agar (EMB). 
Results were far from consistent when these two media 
were used for confirmation from the same presumptive 
tube. This age-long problem continues to confuse the 
investigator when he correlates and interprets his 
experimental data. 


RESULTS 

The results of the survey are presented in table 1. 
The total bacteria count per gram of frozen vegetables 
ranged from 3,000 to 900,000. In the citrus concen- 
trates, the count ranged from 1,000 to 10,000 per ml. 

The results of the presumptive and confirmed coli- 
form procedures on the same food products showed 
great variations. Beans, for example, showed a MPN 
of 2,400 when the presumptive medium was used, and 
a MPN of only 92 when transferred to confirmatory 
media. In corn, the MPN ranged from 54,000 to 92,000 
when lactose broth was used, but values of only 35,000 
to 54,000 were obtained when BGB broth was used, 
and 180 when EMB agar was employed. The same 
trend was noted when spinach, lima beans, mashed 
potatoes, and orange juice concentrates were tested. 
The MPN of enterococci was generally higher than 
the MPN for the coliform bacteria. 

It is of interest that lemon juice, lemonade, grape- 
fruit juice, and orangeade concentrates showed no 
indication of coliform bacteria or enterococci even 
after the acidity of the sample was neutralized. Two 
samples of grape juice concentrate showed a MPN of 
6.8 and 29, respectively, when EMB was used, whereas 
BGB broth gave no results. 


DISCUSSION 


Fecal streptococci, which originate only in the fecal 
contents of man or warm-blooded animals, were found 
in all the vegetable samples examined (Ostrolenk and 
Hunter, 1946; Winter and Sandholzer, 1946). The 
number of enterococci varied considerably, but enough 
were present in all samples to be of Public Health 
significance. 

The citrus concentrates had fewer enterococci than 
the vegetable samples examined. However, the pres- 
ence of even a few of these organisms is probably of 
more significance in this type of food than in vege- 
tables, because the frozen vegetables are cooked before 
they are eaten. But this is not true of the citrus juice 
concentrates and the frozen fruits. If fecal streptococci 
are in uncooked frozen foods, then it is possible that 
other fecal organisms may be present as well. 

Fecal bacteria in any foods constitute a possible 
health menace. The increasing consumption of frozen 
foods in the United States also increases the possi- 
bility that serious, widespread epidemics could result 
from improperly processed frozen foods. 
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TABLE 1. Bacteriological examination of various commercial frozen foods 


Name and Type of Food 


Green beans 
Brand 1 


Brand 2 
Brand 3 
Brand 4 
Brand 3 
Brand 4 
Brand 5 
Spinach 
Brand 1 
Corn 


Brand 1 


Lima beans 
Brand 1 


Mashed potatoes 
Brand | 


Orange juice 
Brand | 
Brand 6 
Brand 4 
Brand 5 
Brand 7 
Brand 8 
Brand 1 
Brand 7 
Brand 6 


Lemon juice 
Brand 8 


Limeade 
Brand 9 


Grape juice 
Brand | 


Brand 10 


* Medium used for total count was tryptone glucose extract agar. 
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Total Bacteria 

Count per ml 

or g at 32 C* 
(4 Days) 


3,000 
3,000 
3,000 
3,000 
1,000,000 
900 ,000 
93 ,000 
260,000 
200 ,000 
135,000 
100 ,000 
3,000 
28,000 


3,000 
3,000 


700 ,000 
800 ,000 
160,000 


23 ,000 
35,000 
24,000 


11,000 
50,000 
45,000 


6,500 
8,000 
3,000 
3,000 
3,000 
3,000 
7,500 
4,000 
3,000 
3,000 
3,000 
3,000 
8,500 

10,000 
1,000 
1,500 
6,000 
6,000 


3,000 
3,000 


3,000 
3,000 


3,000 
3,000 
3,000 
3,000 





MPN per 100 ml 
or g lactose broth 


950 
470 
790 
220 


20 
45 


92,000 
92,000 
54,000 


490 
220 
790 


230 
18 
230 


240 

540 

240 
>1,800 
5,400 
>1,800 
2 


- 


719 
14 


15 


2 

410 
920 
240 

41 
16,000 
22 ,000 


1,800 
1,800 
1,800 


Coliform Bacteria 


MPN per 100 ml 
or g BGB 


260 
45 


92 
460 


000 


,000 


000 
170 
170 
790 
230 


45 





MPN per 100 ml 
or g EMB 


1.8 
61.0 
18.0 


20 
92 
460 
20 
100 


130 


29 
6.8 





Enterococci, \) PN 
100 ml or g (1%. 20 
Ethyl Vio! 


Azide Bro 


2,800 
9 , 200 
3,500 
2,200 
180,000 
180,000 
260 
6,400 
1,300 
54,000 
54,000 
1,300 
"180,000 


220 


3,500 
2,200 
18,000 


2,200 
1,700 
1,100 


16,000 
3,500 
790 


18,000 
18,000 
640 
170 

72 

170 
1,700 
2,800 
540 
540 
5,400 
16,000 
1,100 
2,200 
1,200 
72 
18,000 
18,000 
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TABLE | 


Total Bacteria 


Name and Type of Food pH pape = 
(4 Days 
Grapefruit juice 
Brand 7 3:7 3,000 
3.4 3,000 
Sut 3,000 
3.5 3,000 
Orange and grapefruit 
Brand 7 | 3.5 3,000 
ge. 3,000 
4.0 3,000 
4.1 3,000 
Orangeade 
Brand 7 Fe | 3,000 
3.65 3,000 
Melon balls 
Brand 11 14,000 
18,000 
Sliced peaches 
Brand 4 3,000 
3,000 


S 


~_ 


JIMMARY 


Sixty-four samples of commercially frozen fruits, 
fruit juice concentrates, and vegetables were tested. 
Both coliform bacteria and fecal streptococci were 
found in many of the samples. Fecal streptococci were 
found more consistently, and usually in greater num- 
bers, than coliform bacteria. 
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Many investigators have shown the presence of 
microorganisms of sanitary significance in or on many 
of our foods. MeCleskey and Boyd (1949) showed 
that coliform bacteria and enterococci were present in 
iced crabmeat. The numbers of coliform bacteria in- 
creased during storage, but the numbers of enterococci 
remained unchanged. 

Lochhead and Jones (1936) found that Micrococci 
and Flavobacterium survived freezing better than other 
types of bacteria. These organisms formed a notice- 
ably higher proportion of the total bacterial popula- 
tion after storage than in the fresh pack. The number 
of Achromobacter declined in the frozen pack, although 
they were the predominant type in the fresh pack. 

Hucker (1954) found that a basic bacterial flora in 
snap beans and lima beans remained viable at freezing 
storage of 0 F for 2 to 12 years. One predominant type 
of organism was a paired biscuit-shaped coccus. Counts 
made from ‘disintegrated’ vegetables were found to 
show higher counts than those obtained by rinse 
methods. 

An extensive study by Jones and Fabian (1952) of 
the viability of microorganisms isolated from fruits and 
vegetables showed that freezing reduced the numbers 
of bacteria, with species of Micrococcus and Flavobac- 
terium predominating in the frozen product. Frozen 
suspensions of Escherichia coli, whether suspended in 
distilled water or sucrose, all showed reduction in 
numbers after six weeks’ storage at 0 F. Commerical 
freezing temperature (—20 to 15 F) showed no ap- 
parent relation to the numbers of microorganisms that 
survived freezing storage. Some species studied, how- 
ever, seemed to be “offered greater protection’ by 
storage at —20 F. 

Further reference to coliform bacteria and entero- 
cocci as indicators of fecal pollution may be found in a 
previous paper by Larkin, Litsky, and Fuller (1955). 


MATERIALS AND METHODS 
Effect of Freezing Storage on Fecal Streptococci 
Because of the time and temperature variability of 
the storage of commercial frozen foods, an essential 
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part of the present investigation was to determine the 
effect of freezing on the viability of fecal streptococe 
over a period of at least one year at several tempera. 
tures. 

Fresh green beans were washed, sectioned, blanched. 
and cooled. Cultures of Streptococcus faecalis and 
Streptococcus liquefaciens were grown on_ tryptose 
blood agar base (Difco) at 37 C for 24 hours in Kolle 
flasks. The bacterial growth was scraped off the surface 
by means of a long bent glass rod and suspended in 
Butterfield’s (1932) phosphate dilution water. The 
beans were soaked in the bacterial suspension for 10) 
minutes and drained. They were then left in a refrig- 
erator overnight for partial drying. They were packed 
in polyethylene containers and stored at 0, —5, and 
—20 F. Samples were removed periodically, and 50 ¢ 
of beans were blended with 450 ml of sterile tap water. 
The MPN of fecal streptococci was obtained, using 
five replicate tubes of dextrose azide broth for the pre- 
sumptive medium and ethyl violet azide broth for 
confirmation. 

Table 1 indicates that S. faecalis and S. liquefaciens 
survived freezing storage at temperatures of 0, —5, 
and —20 F for 400 days. 

The differences in bacterial counts of the individual 
lots, from one sampling period to another, probably 
were due to the test methods. Some possible sources 
of error are: error in weighing the sample; the breaking 
of bacterial chains or clumps by the action of the 
blendor; the possible errors in measuring the 10, 1.0, 
and 0.1 ml portions; the settling of the bacterial cells 
in the dilution bottles during testing; and the differ- 
ences in amounts of suspension adsorbed onto in- 
dividual beans. 

An attempt was made to compensate for the fluc- 
tuation of results (table 1) by removing three iden- 
tically treated packs from storage at each sampling 
period. The samples were examined individually, and 
the logarithmic average from the three was calculated. 
Table 2 indicates that the procedure was quite suc- 
cessful. Large differences among samples were sub- 
stantially reduced. The results show that numbers of 
fecal streptococci remained constant during freezing 
storage. 
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TapLe |. Effect of freezing storage on inoculated bean pack 
Log of MPN per 100 g Beans 
Number Stored at 0 I Stored at —5 F Stored at —20 F 
Snes strepto- | StePlo- | sirepio. | StP1- | Sirepty. | Strepto 
veocens | (2005 | cocens | G2CEMS | coceus | GOCE 
faecalis parties faecalis famade faecalis bt ee 
0 6.380 6.690 7.380 7.380 6.114 7.230 
14 6.518 7.518 6.230 7.690 7.042 5.892 
37 6.362 7.690 6.518 7.690 7.230 7.114 
5S 6.362 7.690 5.899 7.362 5.690 7.042 
72 5.690 6.979 6.114 7.690 6.042 7.230 
85 6.899 8.114 6.518 7.544 6.690 7.114 
120 6.380 7.380 6.518 7.544 5.690 7.690 
138 5.899 6.899 6.518 | 6.899 | 5.518 | 7.380 
158 7.114 7.380 6.042 7.380 6.690 6.899 
180 6.690 7.447 6.146 7.343 | 6.042 | 8.114 
225 6.114 7.690 6.232 8.114 6.042 6.518 
238 6.380 S.114 6.518 7.343 5.899 7.114 
303 6.690 = 7.380 5.690 = 7.380 
344 6.2380 7.041 6.899 7.690 7.380 6.518 
373 7.230 7.899 6.518 7.230 | 6.230 | 6.899 
391 6.114 7.899 6.690 7.518 6.230 7.380 
105 6.518 7.343 


TaBLe 2. Effect of freezing storage on inoculated bean packs 


short term 


Log of MPN per 100 g Beans* 
Number Days’ 
Storage 0 F Logarithmic 


Sample 3 
P average 


Sample 1 Sample 2 


0 7.899 8.146 8.844 8.307 
3 8.045 7.668 7.899 7.874 
11 7.518 7.899 8.114 7.844 
25 8.114 8.348 7.899 8.119 
40 8.230 8.380 8.348 8.328 
46 7.899 7.844 7.668 7.804 
53 8.114 7.690 8.114 7.978 
59 7.690 8.114 8.114 7.978 
68 8.114 8.114 8.114 8.307 


* Log. Avg., 0 to 40 days, 8.096; Log. Avg., 40 to 68 days, 
8.078: Log. Avg., 0 to 68 days, 8.058. 


A Comparison of the Viability of Escherichia coli and 
the Fecal Streptococci During Freezing Storage 
Because of the continued use of coliform organisms 
as indicators of the sanitary quality of foods, and the 
possibility that the fecal streptococci might be a better 
indicator, a comparison was made of the effect of 
freezing storage on the viability of F. coli, S. faecalis, 
and S. liquefaciens, inoculated onto fresh green beans. 
The procedure for testing for the presence of S. 
faecalis and S. liquefaciens was the same as that previ- 
ously outlined. Lactose broth was used for the pre- 
sumptive evidence of /. coli. Transfers from all tubes 
in which gas was formed within 48 hours were made to 
brilliant green lactose bile broth and to eosin meth- 
ylene blue agar. The MPN was calculated from all 
positive tubes, verified by streaks on EMB agar show- 
ing typical FL. coli type colonies. 
Che procedure for inoculation of the beans was the 
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TABLE 3. A comparison of the viability of Escherichia coli and 
the fecal streptococci during storage at 0 F 


MPN per 100 g Beans X 10° 


pease Escherichia ccli Fecal Streptococci 
Storage 
at OF Brilliant green Eosin Dextrose Ethyl 
Lactose broth | lactose bile methylene azide violet 
broth blue agar broth azide broth 
0 - 490,000 490,000 
3 28 ,0O0 22,000 22,000 79,000 79,000 
20 13,000 13,000 13,000 79,000 79,000 
39 49 ,000 49,000 49,000 17,000 17,000 
53 24,000 24,000 24,000 79,000 79,000 
75 16,000 1,300 1,300 79,000 79,000 
95 160 ,000 160 ,000 160,000 33,000 33,000 
141 3,300 3,300 3,300 7,900 7,900 
172 3,500 3,500 3,500 240,000 240,000 
IS9 5,400 5,400 5,400 110,000 110,000 
195 re 7.9 7.9 130,000 130,000 
204 79 79 79 70,000 70,000 
217 79 79 79 79,000 79,000 


same as that previously outlined, except that two 
strains of 2. coli were grown under the same conditions 
as were cultures of S. faecalis and S. liquefaciens. The 
beans were soaked for 10 minutes in a mixed suspen- 
sion of the four organisms and then drained. 

An examination of the results, recorded in table 3, 
shows that after freezing the fecal streptococci neither 
increased nor decreased in numbers. significantly 
during a storage period of 217 days at 0 F. On the 
other hand, FE. coli showed a decided decrease in num- 
bers, at least fivefold, during storage at the same tem- 
perature for the same time. From the viewpoint of 
maintaining a relatively constant bacterial population 
during storage, these results indicate that the fecal 
streptococci are better test organisms than F. coli. The 
validity of the conclusions is confirmed by the con- 
sistent results obtained with the various media. The 
high level of inoculum practically eliminated the nat- 
ural population in the final tubes of the MPN series. 
Therefore variability due to natural contaminants, 
such as was observed in results presented in table 1, 
was not observed in the data presented in table 3. 

A comparison between the ease and effectiveness of 
procedures for testing for coliform bacteria and the 
fecal streptococci was noted. The coliform procedures 
are long and involved, especially when one differ- 
entiates E. coli from other coliform bacteria in an 
unknown sample. The results of such an investigation 
are in themselves controversial because of the present 
confusion regarding the significance of the different 
types of coliform bacteria. The fecal streptococci, on 
the other hand, do not originate from anywhere except 
the intestinal tract of man or warm-blooded animals. 
The method of testing for the presence of these or- 
ganisms has been greatly simplified with the advent of 
new media. The use of these bacteria as indicator or- 


ganisms is therefore indicated. 
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SUMMARY 

The viability of the fecal streptococci stored at 
freezing temperatures (0, —5, —20 F) for more than 
400 days was investigated. The number remained 
constant during this storage period. 

The viability of Escherichia coli was compared with 
that of the fecal streptococci stored at 0 F for more 
than 200 days. The numbers of fecal streptococci re- 
mained constant, whereas the numbers of FE. coli de- 
creased significantly during storage. 

Because of the results of the experiments, it is be- 
lieved that the fecal streptococci could be used ad- 
vantageously, in preference to the coliform bacteria, as 


indicator bacteria in frozen foods. 


Fecal Streptococci 
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Ill. Effect of Freezing Storage on Escherichia coli. Streptococcus faecalis, and 


Streptococcus liquefaciens Inoculated into Orange Concentrate’ 
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Nolte and von Loesecke (1940) found that coliform 
organisms were present in flora of raw orange juice in 
numbers ranging from 0 to 1000 per ml. Escherichia 
coli was present in the raw juice, but not in juice 
pasteurized at temperatures of 85 to 88 C. 

Wolford and Berry (1948) found that juice from 
“soft rot’? Valencia oranges contained 25,000 times as 
many bacteria as the juice from sound oranges. Coli- 
form organisms were viable after storage of the juice 
from unsound oranges for eight months at 0 F, whereas 
juices from sound oranges showed no coliform. or- 
ganisms after one month of storage. 

The inadequacy of the coliform test, when applied 
to frozen orange juice, was pointed out by Martinez 
and Appleman (1949). Lactose-fermenting yeasts in 
the juice gave false positive coliform tests in presump- 
tive media. The appearance of the organisms on eosin 
methylene blue agar closely resembled that of FE. coli 
colonies. 

Wolford (1950) made a series of bacterial counts on 
orange juice for 43 weeks. Various organisms that 
qualified under the definition of coliform bacteria per- 
sisted throughout the storage period. Most of the or- 

1 University of Massachusetts Agricultural Ixperiment 
Station Contribution No. 973. 


ganisms were aerobacter types, but some resembling 
E£. coli were found. Orange juice, produced under 
sanitary conditions, showed the presence of few. bae- 
teria. 

Faville and Hill (1951) showed that, in spite of such 
usual precautions as plant sanitation and the efficient 
washing and grading of fruit, overripe low-acid fruit 
would result in a high-count orange juice concentrate. 
However, the majority of the bacteria die rapidly in 
such an acid environment, although a few species of 
bacteria and some yeasts will multiply in the juice. 

Coliform bacteria and other organisms of possible 
sanitary significance were shown by Patrick (1951) to 
be associated with oranges that were scale-infested, 
slightly decomposed, or burst, and with fruit flies. No 
coliform bacteria and a low bacteria count were found 
in juice from sound oranges. 

Hahn and Appleman (1952a) found that stock cul- 
tures of FE. coli, Salmonella typhosa, and Shigella para- 
dysenteriae, inoculated into pasteurized orange concen- 
trate and frozen, were so reduced in. numbers at the 
end of 24 hours that a plate count could not be ob- 
tained, Streptococcus faecalis, when added either from 
stock cultures or from fresh fecal material, outlived all 
other enteric organisms. 
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Hahn and Appleman (1952b) studied the germicidal 
action of orange peel oil and citric acid. Orange juice 
was concentrated until 75 per cent of the water was 
removed; cultures of FL. coli, S. typhosa, S. paradysen- 
teriac, and S, faecalis were inoculated into the concen- 
trate, and cold-pressed orange-peel oil was added to 
the containers; the containers were then stored at 
-17 C. E. coli, S. typhosa, and S. paradysenteriae did 
not survive storage. However, a concentration of 
1000 ppm of orange-peel oil was needed to destroy S. 
faecalis. It was also found that 3.8 per cent citric acid, 
pH 2.3, was lethal to all four organisms, although S. 
faecalis survived for 48 hours, but not for 72 hours. 

The bactericidal action of orange juice was sufficient 
to prevent the survival of the coliform bacteria. The 
lethal effect on the enterococci seemed to be propor- 
tional to the hydrogen-ion concentration. Citrie acid, 
however, showed greater bactericidal action than hy- 
drochloric acid at equivalent pH values. The lethal 
effect of the hydrogen-ion was increased by freezing. 

Forty-two cans of commercially packed frozen 
orange concentrate from three plants were examined 
by Kaplan and Appleman (1952). All cans showed the 
presence of enterococci, but only four showed the 
presence of coliform bacteria. The enterococci seemed 
to be more resistant than FE. coli to the storage condi- 
tions of the frozen orange concentrate. 

Patrick (1953) found difficulty in attaching sanitary 
significance to bacteria isolated from Florida orange 
juice concentrate. Many of the organisms must be 
considered FE. coli if the IMViC reactions and lactose 
fermentation are to be considered reliable. Notwith- 
standing the difficulties involved, the completed coli- 
form test has done much to improve the sanitary 
quality of orange concentrate produced in Florida. 


MATERIALS AND METHODS 


Forty-eight-hour cultures of S. faecalis, S. lique- 
faciens, and two strains of E. coli were grown at 37 C 
on tryptose blood agar base (Difco). The bacterial 
growth was scraped off the surface and suspended in 
Butterfield’s (1932) phosphate dilution water. The con- 
centrated bacterial suspension was added to a large 
flask of orange concentrate. The resulting suspension 
Was agitated in a mechanical shaker for 10 minutes 
and then was tubed in screw-cap test tubes and stored 
at —10 F. The MPN of fecal streptococci was ob- 
tained in five replicate tubes with dextrose azide broth 
for confirmation. The MPN of coliform bacteria was 
obtained with lactose broth for the’ presumptive 
medium and brilliant green lactose bile broth and eosin 
methylene blue agar plates for confirmation. 

\n attempt was also made to check the effect of 
Varying amounts of citric acid on the fecal streptococci 
suspended in orange concentrate. The results are sum- 
marized in table 2. The procedures used for deter- 


TABLE |. Effect of freezing storage on the viability of Escherichia 
coli, Streptococcus faecalis, and Streptococcus liquefaciens 
inoculated into orange concentrate 


Log MPN per 100 ml Orange Concentrate 


Number Days 


uml Escherichia coli Fecal streptococci 
in Storage ; 


ca il Lactose | Brilliant | — Eosin Azide Ethyl 
hanahi green bile | methylene | dextrose violet* 

broth blue agar broth broth 

0 7.113 7.113 7.113 9.379 9.379 

1 4.747 4.747 4.747 9.113 9.113 

2 5.379 5.379 5.379 8.896 8.896 

3 4.688 4.688 3.229 9.379 9.379 

4 5.379 5.379 5.379 9.341 9.341 

5 7.113 6.544 7.113 9.113 9.113 
6 5.379 5.379 5.379 9.379 9.379 

9 5.517 5.517 5.517 9.517 9.517 
1] 5.118 5.1138 5.1138 8.896 8.896 
16 4.517 4.229 4.229 9.229 9.229 
26 5.379 4.397 5.379 9.040 9.040 
40 5.517 5.379 5.517 9.379 9.379 
51 5.113 5.113 4.896 9 .229 9.229 
147 3.230 3.230 3.230 9.342 9.342 


TABLE 2. Effect of varying amounts of citric acid on the viability 
of fecal streptococci suspended in orange concentrate stored 
at —10 F 


Per Cent Acid 
(Calculated as 


Log MPN of Fecal 


pH Value Streptococci per 100 


Sample 


Number Citric ml of Concentrate 
0 days 9 days 0 days 9 days 0 days 9 days 

l 3.7 3.65 3.14 3.25 9.379 8.844 
2 3.6 3.48 3.8 3.9 9.379 8.896 
3 3.59 3.4 4.18 4.18 9.379 8.688 
4 3.5 3.35 4.24 4.95 9.379 8.688 
5 3.35 3.3 5.06 5.06 9.379 8.379 
6 3. 3.2 5.23 5.72 9.379 8.688 
7 3.2 3.15 5.61 5.78 9.379 8.688 
8 3.1 3.0 6.9 on 9.379 8.379 
9 3.0 2.95 Gat 7.32 9.379 8.379 


mining the MPN of fecal streptococci were the same as 
those previously outlined. 


DiscussION 


Reference to table 1 shows that both EF. coli and the 
fecal streptococci were consistently found after 147 
days’ storage at —10 F. This finding of F. coli is con- 
trary to the results reported by Appleman and Hahn 
(1951), who found that these organisms disappeared 
within a relatively short time when inoculated into 
orange concentrate. It is possible that the amount of 
inoculum had something to do with these results. In 
the present experiment, the suspension of EF. coli used 
to inoculate the orange concentrate contained millions 
of bacteria per ml. If results are calculated from the 
table in terms of bacteria per ml, it can be seen that 
only a small percentage of the original inoculum sur- 
vived. Thus, only a relatively small number of or- 
ganisms were able to adjust and survive at this low 
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pH value. The numbers of fecal streptococci remained 
constant throughout the 147-day storage period. 

From the results recorded in table 2, it can be seen 
that the orange concentrate had a total acidity meas- 
urement of 3.2 per cent and a pH value of 3.7. The 
addition of approximately 4 per cent citric acid only 
reduced the pH value to 3.0. This indicated the pres- 
ence of a strong buffer system, which is probably due 
to the citrates in the concentrate. The buffer system 
inhibits rapid pH changes up to about pH 6.5 to 6.8. 
The addition of small amounts of alkali at this point 
caused the pH to rise abruptly to pH 8.0 to 8.5 with 
an immediate darkening of the orange concentrate. 
The addition of more of the concentrate immediately 
brought back the original color and dropped the pH 
value. 

It can be seen from the results in table 2 that the 
fecal streptococci do not seem to be affected adversely 
by the addition of as much as 4 per cent citric acid to 
the orange concentrate. 

In the authors’ opinion, the fecal streptococci can be 
used advantageously in preference to coliform bacteria 
as indicators of bacterial contamination in frozen 
foods for the following reasons. The fecal streptococci 
were found in all commercially frozen vegetables and in 
citrus concentrates in which coliform bacteria were 
found. The fecal streptococci remained viable and 
maintained their numbers after long periods of freezing 
storage, but the coliform bacteria decreased signifi- 
cantly during the same storage period. The technique 
for the isolation and identification of the fecal strepto- 
cocci is relatively simple as compared with the method 
used to isolate and identify the coliform bacteria, espe- 
cially since the differentiation of EF. coli from other 
coliform bacteria is necessary. 


SUMMARY 


Stock cultures of Escherichia colli, 


faecalis and 


Streptococcus 
Streptococcus liquefaciens survived in 
orange concentrate stored at —10 F for 147 days. The 
fecal streptococci apparently did not decrease in num- 
bers, but the numbers of EF. coli fluctuated. 


Stock cultures of S. faecalis and S. lique). ciens. 
inoculated into orange concentrate containing \ rving 
amounts of citric acid, showed no significant de rease 
in numbers after 9 days’ storage at —10 F. The addi. 
tion of as much as 4 per cent citric acid seemed to 
have no effect on the viability of the fecal streptucoce, 

Fecal streptococci can be used advantageously. j 
preference to coliform bacteria as indicators 0! bae- 
terial contamination in frozen foods. 
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IV. Effect of Sanitizing Agents and Blanching ‘Temperatures on Streptococcus 
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Low-temperature heat treatment for sanitizing 
fruits and some vegetables is very detrimental to the 
appearance of the products. Fruits especially are so 
softened that they are extremely difficult to market. 
In order to correct this trouble, industries use such 
chemical sanitizing agents as chlorine and the qua- 
ternary ammonium compounds in the processing of 
many fruits. All these chemicals are inactivated by the 
organic materials that make up the physical composi- 
tion of the fruit or vegetable. This phenomenon could 
be a serious problem if complete elimination of or- 
ganisms is desired. 

Investigations by Falk, and Ragotzkie 
(195la, b, ¢) showed that, if sewage irrigation or night 
soil application was stopped one month before the 
tomato harvest, the fruit could be safely consumed 


{udolfs, 


raw. The possibility that the tomatoes would be 
vectors for the transmission of enteric diseases was con- 
sidered unlikely. Later studies on decontamination of 
tomatoes showed that storage, or washing with or 
without detergents, was ineffective. Germicidal rinses 
containing chlorine were superior to the other methods, 
but were unreliable. The only effective method of de- 
contamination was pasteurization at 60 C for five 
minutes, 

Pederson (1947) studied the processing of vegetables 
before freezing and found that a large proportion of 
the bacteria are destroyed by the blanching process. 
However, the surviving bacteria may develop during 
cooling, handling, and prefreezing. Under commercial 
conditions, some contamination of the food by bae- 
teria was caused by vegetable juices spilling on the 
processing equipment, thus providing medium for 
growth. Bacterial counts, therefore, should be con- 
sidered as an indication of the care with which vege- 
tables are handled between blanching and freezing. It 
was noted also that no coliform bacteria or enterococci 
were found on vegetables directly after blanching. 

‘rom the results of the frozen food survey of Larkin, 
Litsky and Fuller (1955), it can be seen that fecal 
streptococci were present in many of the commercial 
frozen foods. Where does this contamination occur? 

University of Massachusetts Agricultural Experiment Sta- 
tion Contribution No. 974. 


Basically, there are two possibilities: the fruits or vege- 
tables could enter the processing plant in a contami- 
nated condition, or the fecal streptococci and other 
microorganisms could be inoculated onto the food by 
insanitary processing procedures at the plant. 

In the preparation of vegetables which are later to 
be frozen, one of the principal processing steps is that 
of blanching. This procedure subjects the vegetables to 
a hot water soak for varying periods of time at tem- 
peratures ranging from 90 to 99 C. This step is taken 
in order to inactivate vegetable enzymes that would 
have a deleterious effect on the stored product. 

Burton (1949) stated that he had been unable to 
find either the coliform bacteria or the fecal strepto- 
cocci in vegetable samples taken immediately after the 
blanching process. There is a possibility that the fecal 
streptococci were present, but they may have been 
missed in the testing process with the techniques then 
available. 

It was decided, therefore, that the effects of various 
sanitizing agents and of blanching at different times 
and temperatures on the viability of the fecal strepto- 
cocci should be investigated. 


METHODS 


Effect of Sanitizing Agents on Streptococcus faecalis 
Suspended in Phosphate Buffer 

The effectiveness of three sanitizing agents was 
tested: A quaternary ammonium compound,’ a chlo- 
rine compound,* and a colloidal iodine compound.‘ 

At present there is much discussion on the methods 
and techniques for evaluating the effectiveness of 
many sanitizing agents. It was decided to use the 
method proposed by Weber and Black (1948), because 
it eliminates complicated and expensive equipment. 

A culture of S. faecalis was grown on tryptose blood 
agar base for 48 hours at 37 C. The bacterial growth 
was scraped off the surface of the agar and suspended 
in Butterfield’s phosphate dilution water (1932). The 
suspension was then set in a water bath at 25 + 1 C. 

2 Roceal-Sterwin Chemicals, Inc., New York, N. Y. 

3 B-K, Pennsylvania Salt Manufacturing Company, Phila- 
delphia, Pa. 

4 West Disinfectant Corporation, Long Island City, N. Y. 
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The quaternary ammonium solution of known con- 
centration was carefully diluted to make up the de- 
sired concentration. The chlorine and iodine solutions 
were titrated against a known sodium thiosulphate 
solution, and the desired concentrations were cal- 
culated and made. These sanitizing solutions were put 
in a water bath at 25 + 1 C. Inactivator solutions, 
that is, sodium thiosulphate for chlorine and iodine 
solutions and sodium naphthuride for the quaternary 
ammonium solutions, were made up according to the 
“recommendations of Weber and Black (1948) and of 
Mueller (1954, personal communication). Five milli- 
liters of the bacterial suspension was inoculated into 5 
ml of a double-strength concentration of the sanitizing 
agent. One-milliliter samples were then removed peri- 
odically and transferred to 9 ml of the respective 
inactivating solutions. Plates were made of 1:10 and 
1:100 dilutions with chlorine and iodine. Roccal 
samples were plated in 1:10, 1:100, 1:1000, and 
1: 10,000 dilutions. 



















Effect of Sanitizing Agents on Streptococcus faecalis 
Inoculated onto Green Beans 









To determine whether the sanitizing agents would 
decontaminate inoculated vegetables, the following ex- 
periment was carried out: 

Fresh green beans were washed, sectioned, and 
dried. A 48-hour culture of S. faecalis was grown in 
Kolle flasks, at 37 C, on tryptose blood base agar. The 
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tap water, were placed in a Waring blendor and com. tsst® 2: “ 
minuted for 2 minutes. Portions of the commiiuted 
sample in increasing dilutions were transferred to dey. 
trose azide broth and incubated for 48 hours at 37 (. 
Five replicates were used at each dilution. All growth. 
positive tubes were then transferred to ethyl violet 
broth and incubated 48 hours at 37 C. Results from 
all positive tubes were used in calculating the MPN oj 
the streptococci per 100 g of beans. 


of Strept 


Sanitizing 


Roceal 


Effect of Blanching Temperature on Streptococcus 
faecalis Inoculated onto Green Beans 


Fresh green beans were prepared and inoculated 
using the procedure described in the preceding para- 
graph. Fifty-gram lots of the inoculated beans were 
bagged very loosely in cheesecloth. Water was heated 
in large kettles until the desired temperature was at- 
tained. When the temperature had remained constant 
for three minutes, the bean lots were submerged and 
agitated under the water. The bean packs were re- 
moved after varying contact times, and immediately 
cooled in running tap water that had been checked 
previously for the presence of fecal streptococci. The 
beans were then tested for the presence of fecal strepto- 
cocci according to procedures previously outlined in 
this report. 


Chior 


lodit 


RESULTS AND DISCUSSION 











bacterial growth was scraped off the surface and sus- Examination of results in table 1 shows that a pure Wat 
pended in Butterfield’s dilution water (1932). The culture of S. faecalis, suspended in phosphate buf- 
beans were then soaked for 10 minutes in the diluted fered water, could be killed after 15 seconds’ contact 
suspension of the bacteria, drained, and put into a when chlorine or iodine was used. Calculations showed 
refrigerator for partial drying. Fifty-gram samples were that 99.999 per cent of the bacteria were killed. Roccal, * Roc 
bagged in cheesecloth and subjected to varying con- although not seeming to be as effective, showed a 98.2 & per cen 
centrations of the sanitizing agents for varying periods. per cent kill. Therefore, it appears that S. faecalis is 
The samples were then soaked in the appropriate in- susceptible to destruction by any of these sanitizing A co 
activating solutions. The beans, with 450 ml of sterile agents. agents 
inocula 
TaBLeE 1. Effect of sanitizing agents on plate counts of pure cultures of Streptococcus faecalis suspended in phosphate buffered water the ch 
Plate Count X 10-% per ml After Contact that in 
Par ne a Concentration | Initial Plate ace ; Ina 
= a — sanitiz 
15 sec 30 sec 60 sec 120 sec | 180 sec . : 
| aed ics tions ¢ 
Roceal 200 110,000 2000 1700 2200 | 900 | 2200 been 
200 25,600 30 30 30 30 | 30 solutic 
100 110,000 1800 1900 2800 | 2500 | 3400 minut 
100 63 ,000 30 30 30 30 30 
100 11,000 30 30 30 30 | 30 7 4 
110,000 3200 | 3800 ever, | 
| suspel 
Chlorine 100 63,000 0.35 0.6 0.015 0.7 | 0.037 seme 
100 11,000 0.6 0.12 0.033 0.3 0.92 some 
25 ,000 30 : 30 r 
The 
Iodine 63,000 lor de 
100 11,000 0.56 0.36 0.41 0.42 0.31 ble. 1 


equip 
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(BLE 2. Effect of sanitizing agents on the MPN of pure cultures 


Tapsie 3. Effect of blanching on the viability of Streptococcus 
of Streptococcus faecalis inoculated onto fresh green beans 


faecalis in inoculated packs 
MPN X 10° per 100 g beans 


Initial 


ure 
yuf- 
act 
ved 
pal, 
8.2 
: 1s 


ing 


Sanitizing Agent 


Roceal* 


Chlorine* 


lodine* 


* Roceal, 10 per cent; BK powder, caleium hypochlorite 50 


Bacterial 


Contact . 
5 Population 


Time in 
Minutes 


Concentration 
in ppm 
per 100 g 
Beans 


38,000 
38,000 
38,000 

240,000 

240,000 

330,000 

330,000 

330,000 

330,000 
38,000 
38,000 

240 ,000 

240 ,000 
38,000 

330,000 

330,000 

330,000 

330 ,000 
38,000 
38,000 

240 ,000 

240 ,000 
38,000 

330,000 

330 ,000 

330,000 

330 ,000 
38,000 
38,000 
38,000 

330,000 


ow ow ow 


— or — pt 


ow ow 


per cent; Showersan, iodine 0.65 per cent. 


MPN X 107% 


Survivors 


MPN X 10°% 


per 100 g 
Beans 


240 
240 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
240 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
240 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
16,000 
4900 
11,000 
24,000 


Temperature 


C 
73 
78 
82 
83 
84 
84 
84 
85 
85 
86 


Initial 
Count 


790 
790 
790 
790 
790 
790 
1700 
7900 
7900 
7900 
7900 


Count After Different Contact Times 


1 min 2 min 3 min 


.24 0.024 
.0079 _ 
24 

.24 

.24 

13 

-0049 

16 

24 

O79 

024 


0.0023 


A consideration of table 2 shows that the sanitizing 
awents were ineffective when used for the treatment of 
inoculated beans. The destruction of the organisms by 
the chemicals seems to be only slightly greater than 
that in a plain water contact. 

In an attempt to explain this apparent failure of the 
sanitizing agents, a check was made on the concentra- 
tions of two of the chemical solutions after they had 
been used to treat the inoculated beans. A 200 ppm 
solution of chlorine was reduced to 187 ppm after one- 
minute contact. The same result was found with a 200 
ppm solution of iodine. These two concentrations, how- 
ever, were effective in destroying cultures of S. faecalis 
suspended in a buffer solution. The beans, then, 
seemed to be providing protection to the organisms in 
some unknown manner. 

The use of sanitizing agents in the food industry 
for decontamination of vegetables does not seem feasi- 
ble. However, their use in the sanitization of processing 
equipment seems logical. If such a procedure were 


87 7900 
87 790 
87 7900 0.79 
88 7900 
9] 1700 
97 1700 
98 790 


0.0033 


* No growth was observed in azide dextrose broth tubes 
after storage at 37 C for 48 hours. 


followed, especially on equipment used to convey 
foods after the blanching process, recontamination of 
the foods by fecal streptococci could be decreased and, 
possibly, completely eliminated in some cases. 

From the results in table 3, it can be seen that tem- 
peratures of at least 88 C for 1 minute were sufficient 
to kill all the fecal streptococci inoculated onto the 
beans. When a 2-minute contact time was allowed, a 
temperature of 78 C was sufficient to produce negative 
results. 

These findings are of interest because commercial 
blanching temperatures are at least 78 C, and the con- 
tact times are normally much longer than those used in 
this study. Therefore, any vegetable that is subjected 
to at least this temperature and time should show the 
complete absence of fecal streptococci. Thus, it would 
appear that organisms found in commercial products 
must have gained entrance by means of recontamina- 
tion of the food after the blanching process. 


SUMMARY 


Phosphate buffered suspensions of Streptococcus 
faecalis were shown to be susceptible to destruction by 
chemical sanitizing agents. Solutions containing 50 
ppm of chlorine or iodine showed a 99.999 per cent 
kill. Quaternary ammonium solutions of the same con- 
centration showed a 98.2 per cent kill. 

An attempt to decontaminate vegetables inoculated 
with S. faecalis with varying concentrations of chlorine, 
iodine, and Roceal was unsuccessful. 

The use of hot water, as in blanching, to decontami- 
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nate beans inoculated with S. faecalis was successful. A 
temperature of 88 C for | minute was sufficient to ob- 
tain a 100 per cent kill. 
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For the purposes of this discussion, fermentation will 
be defined in its broadest sense. It is a process in which 
microorganisms catalyze the conversion of a suitable 
substrate into a desired product. The process may or 
may not require oxygen, and the microorganisms them- 
selves may be included among the desired products. 
Thus, the definition in no way limits the process to 
one of anaerobic dissimilation, as it does in the classic 
sense. Fermentation processes may be classified accord- 
ing to the manner in which the substrate is added and 
the product withdrawn. Thus, in a batch fermentation, 
the substrate is charged initially, and, when the fer- 
mentation is complete, the product is withdrawn. 
Continuous operation involves addition of the sub- 
strate in an unbroken stream and withdrawal of fer- 
mented medium in the same manner. In semicontinu- 
ous processes the substrate is added and the product 
removed at intervals, and in this way certain charac- 
teristics both of batch and continuous operation are 
combined. The present discussion will be confined to 
the strictly continuous case, with occasional reference 
to those batch and semicontinuous processes which 
act as prototypes or serve as illustrations. Continuous 
fermentations may be of many types with respect to 
the equipment used and with respect to the flow of 
fermenting media through that equipment. In analyz- 


ing them one type will be considered as basic, that is, 
the homogeneous flow fermentor. Here, the fermenta- 
tion occurs in a single vessel, agitated so that its con- 
tents are homogeneous. The nutrient stream is con- 
tinuously supplied, and the fermentor contents, with 
the product they contain, are continuously withdrawn 
in order to establish a steady state. Other types of con- 
tinuous fermentation will be discussed as modifications 
of this basic system. 

A continuous fermentation has striking advantages 
over the corresponding batch process. The primary 
advantage is a marked reduction in processing time, 
with the same holding capacity of equipment or, alter- 
natively, a marked reduction in equipment. size for 
the same rate of production. Furthermore, as a conse- 
quence of steady-state operation, the product can be 
expected to have greater uniformity. A continuous fer- 
mentation is more adaptable to instrumental control, 
and it is better integrated into such other parts of the 
over-all process as the preparation of medium and the 
recovery of product, which may be operated more 
economically and efficiently in a continuous manner. 
From an experimental point of view, a continuous fer- 
mentation is ideal. At steady state, the time factor is 
eliminated, and the effect of nutrients, temperature, 
pH, agitation, aeration, and other factors upon the 
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fermentation may be established easily without the 


complication of continually changing conditions. The 
rate of growth, as will be seen later, becomes an inde- 
pendent variable (to a degree) and may be studied for 
its effect on yield and other dependent factors. Monod 
(1950) presented an excellent theoretical discussion 
of the use of continuous fermentation as an experi- 
mental tool. Novick and Szilard (1950, 1951) used this 
tool effectively for the study of mutation rates in bac- 
teria; Maxon and Johnson (1952, 1953) used it for a 
study of aeration and agitation in submerged culture. 

There are, however, disadvantages in the use of con- 
tinuous fermentation which have limited its wide- 
spread adoption. Perhaps the major drawback is 
inherent in the nature of the operation. If the fermen- 
tation step in a process is operated continuously, it is 
desirable to have al] other steps of preparation and 
recovery also in continuous operation. In such a proc- 
ess, a failure in one step will force a complete shut- 
down. Since fermentation, as in the case of the manufac- 
ture of antibiotics, may be extremely complex, an 
occasional failure must be expected. If these failures 
become frequent, continuous operation will lose its 
advantages, whereas in batch operation only one batch 
is lost with each failure. Failure may come from many 
sources, mechanical or instrumental. There are others, 
such as contamination and genetic instability, common 
only to certain fermentations. These will be discussed 
later. 

Although the limitations of continuous fermentation 
are recognized, they are not in every case insurmount- 
able. In the simpler fermentations, such as the propaga- 
tion of food and fodder yeast and the production of 
ethyl alcohol, the method has proved its worth. As 
our experience increases it is probable that more and 
more fermentation products will be made in this manner. 

This discussion approaches the subject of continu- 
ous fermentation first from a theoretical viewpoint. 
Equations that govern the relationships of throughput, 
microbial propagation, product formation, substrate 
utilization, and so forth are presented. However, since 
a fermentation is a highly complex living system, a 
strictly mathematical treatment of all the factors is 
neither possible nor, for the present, desirable. Instead, 
the practical significance of a few key equations is dis- 
cussed and an attempt made to define the scope of their 
application. Combination of theory and experience 
leads to a description of the effect of operating variables 
on yield, productivity, and the like in various continu- 
ous systems. 

For this discussion, fermentation processes will be 
classified according to their purpose: 

I. Propagation of microorganisms 
II. Product formation 
Several variations of the basic homogeneous flow fer- 


mentor will be considered: 


CONTINUOUS FERMENTATION 


A. Single vessel 

B. Multivessel 

C. Recycling 

DD. Two phase 

For each process type, the theoretical discussion 
will be followed by a description of actual operations, 
as recorded in the literature. To assist the reader in 
following the development of the equations, all symbols 
and their meanings are listed below: 


c The concentration of contaminating organisms in the 
fermentor or effluent stream. 

c The rate of growth of contaminating organisms, con- 
centration per unit time. 

F The rate of continuous feed to the fermentor, volume 
per unit time. 

Kk. A constant in the kinetic expression for the effect of 
substrate concentration on growth rate (equation 7). 

M The concentration of mutant organisms in the fermentor 
or effluent stream. 

m The rate of growth of mutant organisms, concentration 
per unit time. 

P The concentration of fermentation product in the fer- 
mentor or effluent stream. 

p The rate of product formation, concentration per unit 
time. 

r The throughput rate, volume of feed per unit time per 
unit operating volume. 

Ss The concentration of substrate limiting to growth in 
the fermentor or effluent stream. 

s The rate of utilization of substrate, concentration per 
unit time. 

V The operating volume of liquid in the fermentor. 

X The concentration of the desired organism in the fer- 
mentor or effluent stream. 

¥ The rate of growth of desired organism, concentration 
per unit time. 

¥ The yield of desired organism on the substrate used, x/s. 

¥5 The yield of fermentation product on the substrate 
used, p/s. 

6 Time. 

6), The holdup or retention time in a fermentor, 1/r. 

6), The total holdup time in a series of fermentors. 

im The Naperian growth rate of desired organisms, con- 
centration per unit time per unit concentration. 

@ The proportion of a cell population that mutates per 
generation. 

Subscripts 

a Refers to conditions in the first fermentor in a series. 

b Refers to conditions in the second fermentor in a series. 

c Refers to contaminating organisms. 

i Refers to initial conditions at time, @, equal to zero. 

m Refers to mutant organisms. 

0 Refers to conditions in feed. 

p Refers to fermentation product. 


Propagation of Microorganisms 


Theoretical considerations—single vessel. Following 
the derivations of Monod (1950) and Golle (1953) for 
this type of continuous fermentation, it will be assumed 
that an agitated and aerated fermentor is being con- 
tinuously fed fresh nutrient medium at a constant 
rate, F, and that fermenting medium is being con- 
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tinuously withdrawn from the fermentor at the same 
rate. Thus, a constant volume of fermenting medium, 
V, is maintained in the fermentor. It will be further 
assumed that the contents of the fermentor are being 
agitated sufficiently to insure homogeneity and that 
the entering fresh medium is thoroughly mixed with 
the fermenting medium in a short time. The amount of 
agitation necessary for optimum fermentation is usu- 
ally more than enough for this purpose. 










A material balance for one component of the system 
leads to a generally applicable equation: 






1) FX» + xV = FX + V dX dé 







That is, the rate at which a component is being fed toa 
fermentor plus the rate at which it is being produced 
is equal to the rate at which it is withdrawn plus the 
rate at which it accumulates in the fermentor. For the 
present, let us assume that there is no product, in this 
case microbial cells, in the entering stream. If equation 
1 is applied to this component, then X» = 0 and: 


2) xV = FX + V dX /dée 











We shall define several more terms at this point: 






r The throughput rate = F/V. 
6}, The holdup or retention time = 1/r. 
m The Naperian growth rate (Monod, 1950) =-x/X = 





(In 2/generation time). 





When r is incorporated in equation 2, we find: 





3) dX /dé@ = x — Xr 





And, since at steady state the concentration of cells 
is not changing (dX/dé@ = 0) 


4) 6 fg 








By closer consideration of the behavior of this system 
we can demonstrate what the forces are that bring 
about this equilibrium condition in which the Naperian 
growth rate is equal to the throughput rate, and we can 
also show what the limitations of such an equilibrium 
are. 











If a fermentation is supplied with adequate aeration, 
the metabolic rates will ordinarily be limited by the 
availability of one of the required nutrients. When the 
general material balance for a continuous system, equa- 
tion 1, is applied to the substrate that is limiting to 
growth: 















FS, — sV = FS + V dS/dé 





and: 






5) dS/d@ = r (8) — 8) —s 





Now, a yield constant, Y, the proportion of substrate 
used that is incorporated into the cells formed, is de- 
fined: 







= x/s 
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Y and yu are incorporated into equation 3 to give: 


6) dS/d@ = r (So — S) — (X/Y)u 


Using equation 6 we can demonstrate the stsbility 
of the steady state, r = yu. At equilibrium dS dé i 
zero, of course, but if the concentration of cells is dis. 
turbed so that X is less than its equilibrium value 
then (X/Y)y will be less than r (Sp — S). Since dS /dg 
will then be greater than zero, 8, the substrate cop. 
centration, will increase. Now, the growth of cells js 
of course, an enzymatic reaction, or rather the summa- 
tion of many such reactions, and may be expected to 
follow the general behavior of such reactions with 
respect to the effect of substrate concentration on rate 
(Michaelis and Menten, 1913). Thus, as an approxima- 
tion at least: 


=) Ss 

) diame, 5. 

Data from Harris et al. (1948b) demonstrate that this 
type of relationship exists in the growth of Torula utilis 
on wood hydrolysate and sulfite waste liquor. Equation 
7 indicates that increasing S causes yu to increase, and 
u becomes greater than r. A rearrangement of equation 


3 gives: 


dX : 
8) —— = x/X —r=yuz-r 

Xdé 
Thus, with » greater than r, X will increase in the ex- 
ponential fashion dictated by equation 8. As X in- 
creases, the growth rate will diminish once again 


until steady state is reached at » = r. Here, dS/dé 
must be zero, and from equation 6: 


Similar reasoning will demonstrate the return to 
steady state which occurs when X is greater than its 
equilibrium value. This derivation is valid only when 
the yield, Y, has one definite and unique value at each 
growth rate in the given system. This is essentially 
true for purely aerobic metabolism, but it is not true 
in certain other cases (see Mixed metabolism). 

Consider now what happens to a fermentation of this 
sort operating at steady state when the throughput 
rate is changed. If r is decreased, equation 6 shows that 
dS/dé@ is less than zero and S decreases. Decreased 
S causes decreased yw, according to equation 7. The 
effect continues until once again » = r and steady state 
is re-established at the new throughput rate. As before, 
X = Y (So — 8). A similar re-establishment. of equi- 
librium will occur if r is increased. 

There is a limit, however, imposed theoretically by 
the fact that the growth rate will not exceed a certain 
maximum. Under optimum conditions, this maximum 
is specified by equation 7 at the point where S = Sy, 


or essentially, since KX, is usually small with respect to 
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So, # = Bmax. If r exceeds pmax, then the cells will 
“wash out,” and X will decrease to zero in an exponen- 
tial manner according to equation 8: 


dX - - 
i “= 


These material-balance and kinetic derivations form 
the theoretical basis for most continuous fermentation 
processes. We are led to the following major conclu- 
sions for the case of continuous addition and with- 
drawal from a single vessel, in which purely aerobic 
metabolism is occurring to produce microorganisms 
as the desired product: 

1) The Naperian growth rate, uw, is equal to the 
throughput rate, r, for steady state. This is a stable 
equilibrium which is regained despite disturbances, 
provided the growth rate is less than its maximum. 

2) The population at steady state is uniquely deter- 
mined at each throughput rate by the yield of cells 
from substrate, the concentration of substrate enter- 
ing, and the concentration of substrate in the fermen- 
tor: X = Y (So — S). 

3) The Naperian growth rate is a function of the 
substrate concentration in the fermentor, and thus 
the substrate concentration depends upon the through- 
put rate. 

In a practical process, the desired results are a maxi- 
mum rate of product formation for a given fermenta- 
tion capacity and at the same time a small proportion 
of unconverted raw material in the effluent. That is, 
we want to maximize x and minimize 8. In order to 
maximize x, it is necessary to consider the factors 
that contribute to it. From equation 4: 


10) <= x= 2 ¥ (7. — 9) 


As r is increased, x will also increase until decreasing Y 
and increasing S cause x to reach a maximum and then 
decline. If the substrate is not highly valuable with 
relation to the product, then the throughput rate 
which gives this maximum rate of product formation 
will be economically optimal. However, if the unused 
substrate is of relative value, a lower throughput rate 
will be necessary to minimize this loss. In many cases 
of microbial propagation, as pointed out by Monod 
(1950), the yield is nearly independent of the growth 
rate. Furthermore, it is often the case that the con- 
stant, K,, of equation 7 is small relative to the sub- 
strate concentration. This means that r, the through- 
put rate, may be held at a value only slightly less than 
Umax Without a significant decrease in product forma- 
tion rate or an appreciable concentration of substrate 
in the effluent. 

Further increases in product formation can often be 
achieved by increasing the concentration of substrate 
in the feed, So. By this procedure the cell concentration 
is increased, while the throughput rate is held constant. 


. 


This is possible, however, only if the growth rate is 
limited by the substrate concentration. It may be that 
in an aerobic propagation process the availability of 
oxygen will limit the growth rate. This will almost 
certainly become the case as the cell concentration is 
increased by increasing the substrate concentration 
in the feed. When this state is reached, x can only be 
further increased by increasing the rate of oxygen 
transfer to the respiring cells. Otherwise a higher con- 
centration of cells must be accompanied by a lower 
throughput rate. The experience of the Germans in 
producing food yeast by the Waldhof Standard Process, 
as reported by Saeman, Locke, and Dickerman (1945, 
1946), was that higher substrate concentrations neces- 
sitated lower addition rates. The yeast output remained 
the same. 

Increase of production rate by increasing the avail- 
able oxygen is possible only within limits. A highly 
aerated culture contains a large proportion of entrapped 
air. The actual amount of liquid holding capacity, V, 
of a given fermentation vessel is thereby proportion- 
ately decreased. This, of course, diminishes the total 
output rate, F, fora given throughput rate, r. The maxi- 
mum output that can be achieved must be determined 
experimentally. In selecting the proper degree of aera- 
tion, a balance must be struck between the desirable 
effect of higher cell concentrations and the undesirable 
effect of decreased operating volume. High degrees of 
aeration will also necessitate the increased use of de- 
foamers, mechanical or chemical. 

Recycling the organism. The productive capacity of a 
continuous propagation may be further increased 
over that indicated by equation 10 by the expedient 
of recycling a portion of the cells produced. If the 
general material balance equation (equation 1) is 
used, but Xo, the concentration of cells in the entering 
stream, is not zero, then: 


FXo + xV = FX + V dX/dé 


and by further manipulations in the same manner as 
before: 


11) dX/d@ = x — (X — Xo) r 
Again at steady state dX/d@ = 0, and r no longer is 
equal to pw, but: 


_uX - 


») . - —— 
- a 


or = 


eee 
X — Xo 


Thus, the throughput rate may be increased over the 
growth rate by the factor X (X — Xo). It was shown 
in the case where there was no recycling that X = 
Y (So — 8) (equation 9). Similar reasoning will demon- 
strate that for the present case X = Y (Sp — 8S) + Xo. 

Let us assume some values for the factors involved in 
order to demonstrate the magnitude of the advantage 
obtained by recycling. Suppose that yeast is being 
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produced continuously on a medium containing 10 
grams liter (So) of glucose, the limiting nutrient. The 
growth rate is 0.3 hr~', and under these conditions the 
concentration (S) of glucose in the effluent is negligible. 
The yield is found to be 50 per cent at this growth 
rate. If there is no recycling, then the production 
capacity, x, from equation 10 is: 


x = r Y (So — 8), where rr = pu 


= 0.3 X 0.5 X 10 = 1.5 grams liter hour. 


Suppose that recycling is used, that is, cells are sepa- 
rated from the product stream and returned to the 
fermentor with the feed. Assume that the rate of re- 
cycling is such that Xy is 10 grams liter. Then: 


r Y(S) — S), where r = 


= 0.3 (0.5 X 10 + 10) = 45 grams /liter hour. 

By increasing the concentration of active growing 
cells, the catalyst for this reaction, by a factor of 3, 
as a result of recycling 23 of the cells produced, a 
factor of 3 increase is realized in productive capacity. 
This is the equivalent of increasing the limiting sub- 
strate concentration in the feed, as previously dis- 
cussed. It has the additional advantage of not necessi- 
tating a change in So, which might involve an expensive 
concentration process. In an aerobic process, recycling, 
as with increasing substrate concentration, will be 
advantageous only when excess oxygen is available or 
can be made available without excessive loss of hold- 
ing capacity. 

More than one vessel. It is sometimes desirable to 
operate a continuous fermentation in several vessels 
in series. That is, the product of the first fermentor flows 
continuously as feed into a second fermentor, and so on, 
the stream passing through as many vessels as desired. 

In discussing the theoretical behavior of such a sys- 
tem let us assume that there are two fermentors in 
series. The first of these will conform to the equations 
developed for the single vessel; the second behaves as a 
single vessel with recycling. The capacity of the com- 
bination may then be compared to that of a single ves- 
sel by use of the appropriate relations already derived. 
For a single vessel the holdup time is 6, = 1/u. For two 
tanks in series the holdup time is the sum of that in 
rach: 


(Xi — 


X,,) 
ie 


6,’ = 1/u, + 1/pr, (See equation 12.) 

In a propagation system where the growth rate is 
not a marked function of substrate concentration above 
a certain minimum it may be that: ~» = yw, = py. In 
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this case it may be shown from the above equ:tions 


that: 
x 
i, = 12 — —— 39... 
ya (o-%Jo 


Since the concentration of cells is greater in the see. 
ond tank (X),) than in the first (X,), it is evident tha 
the holdup time, 6,’, for the two tanks in series is up 
to two times longer than that for a single tank, 4, 
Thus, there is no advantage in using more than one 
fermentor if the growth rate is the same in each. 

However, if the fermentation is such that a higher 
growth rate can be maintained in the first tank because 
of the presence of a higher concentration of limiting 
substrate, then an advantage can be demonstrated. 
In this case yw, will be greater than ya, While 4), may equal 
u, the growth rate in a single tank. This situation would 
also occur if there were two substrates in the medium, 
one capable of supporting a higher growth rate than 
the second. In the first tank, the more easily assimil- 
able nutrient would be used, and the harder to as- 
similate nutrient left as the limiting substrate in the 
second fermentor. In either case: 

‘) 
x, } 


If we assume, for example, that uy, = 2u and _ that 
X, = 0.9 Xp, then 


6,' = 


1/u, + 61 (1 — 


AO,’ = 1/2u + O (1 — 0.9) = 0.5 6, + 0.1 6, = 0.6 4. 


The holdup time for the two fermentors in series is 
reduced significantly over that for a single fermentor 
doing the same job. This means, of course, a reduc- 
tion in total tankage for the same rate of product 
formation. 

Mixed metabolism. In the previous considerations, 
the simplifying assumption was made that in aerobic 
microbial propagation the substrate is converted by a 
single definite series of metabolic processes into cellular 
material, the over-all result being, for example: 


glucose (s) — yeast (x) + CO.. 


This is approximately true in some cases, such as in 
the propagation of Torula utilis. It is not true, however, 
in others. In bakers’ yeast, Saccharomyces cerevisiae: 


glucose (s) — yeast (x) + ethanol (p) + COs. 


Here, there are two processes competing for the 
available substrate. It has been shown (Maxon and 
Johnson, 1953) that even under excess aeration both 
processes may operate in a ratio depending upon the 
rate of substrate utilization (figure 1), but that below a 
certain rate only the oxidative metabolism is evident 
and no ethanol is formed. 

In a fermentation of this type, the yield will be highly 
dependent on the substrate concentration, and thus 
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CONTINUOUS FERMENTATION 


on the growth rate and the throughput rate. This is 
because one of the competing metabolic processes gives 
alower yield than the other. If ris changed in the range 
of growth rates where both types of metabolism are 
gecurring, the changing yield will cause the steady- 
state population to change (equation 9). Finn and Wil- 
son (1953) demonstrated this effect in the aerobic 
propagation of Bacterium linens. 

It may also be that in a continuous system where 
two competing types of metabolism are occurring the 
steady-state population is not a unique function of the 
throughput rate, as was seen to be the case with purely 
aerobic metabolism. Suppose, for example, that a por- 
tion of a continuous culture is rapidly withdrawn and 
replaced by fresh medium. This brings about a simul- 
taneous decrease in the cell concentration and an in- 
crease In the substrate concentration away from their 
former values. However, the steady state may not be 
restored by a return to these values as with unmixed 
metabolism. (See Theoretical Considerations.) Instead, 
since the changed conditions cause changed metabolism 
and reduced yield, a new steady state is established at 
a lower cell concentration. This type of behavior also 
has been shown to occur with Bactertum linens (Finn 
and Wilson, 1953). 

In a practical process, propagation should, of course, 
be carried out with the highest yielding metabolic 
process in sole operation. The region of mixed metabo- 
lism is to be avoided. Thus, with bakers’ yeast, for ex- 
ample, the growth rate should be maintained at less 
than that which brings about the formation of ethanol. 

Applications. The prime practical example of micro- 
bial propagation by purely aerobic metabolism in one 
continuously operated vessel is found in the manufac- 
ture of food and feed yeast. A thorough description 
of this industry has recently become available (Wiley, 


1954). Many production installations have been oper- 


ated, but their general characteristics are similar. 
Briefly, the fermentation is carried out in a single, 
large fermentor. For example, the fermentor used at 
Lake States Yeast Corp., Rhinelander, Wisconsin 
(Inskeep, et al., 1951) has an operating capacity of 
45,000 gallons of air-liquid emulsion or 20,000 gallons 
of liquor. Such fermentors are provided with agitation 
and a supply of air. The Waldhof system has met with 
great success for this purpose; it has been used in 
several installations in Germany (Saeman, Locke and 
Dickerman, 1945, 1946; Holderby, 1946) and in this 
country (Inskeep ef al., 1951). Agitation and air are 
both supplied by a single, hollow-bladed impeller. 
This is located near the bottom of the tank under a 
central draft tube. Circulation down through this tube 
caused by the impeller brings about effective mixing 
and aeration and at the same time beats the foam into 
the emulsion. Cooling by internal or external heat 
exchange is required. Fresh medium is continuously 
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Fic. 1. The effect of glucose utilization rate upon the 
metabolism of bakers’ veast under excess aeration. Per cent 
vield is g dry weight of yeast per 100 g glucose used. Per cent 
glucose glycolyzed is g glucose to ethanol per 100 g glucose 
used. Medium B: 1 per cent. glucose. Medium C: 10 per cent 
glucose. (From Maxon, W. D., and Johnson, M. J. Ind. Eng. 
Chem., 45, Figure 6, page 2559, 1953.) 


fed and product withdrawn. The limiting nutrient is 
usually the fermentable sugar and may be supplied in 
molasses, sulfite waste liquor, wood hydrolysate, or 
agricultural wastes. Supplementation with salts of 
nitrogen, phosphorus, potassium, and _ occasionally 
other elements is usually required. Aqueous ammonia 
is often added to serve the dual purpose of pH con- 
trol and nitrogen source. A process in which the ni- 
trogen source acts as the limiting nutrient has been 
patented by Seidel (1943). 

The organism most often used in food and feed yeast 
processes is Torula utilis. Other similar organisms 
have been used with success in Germany, for example, 
Candida arborea and certain poorly identified and mixed 
cultures (Saeman, Locke and Dickerman, 1945, 1946). 

The growth of S. cerevisiae in continuous culture 
has been the subject of investigation for some time. 
DeBecze and Rosenblatt (1943) discussed a number of 
the early processes. Irvin (1954) also mentioned some 
of the work in this field. A patent assigned to the Fleish- 
mann Company (Biihrig, 1929) describes a two-vessel 
system, a main fermentor and an auxiliary finishing 
fermentor operated continuously in series. Sak (1928, 
1932a, 1932b) holds patents involving continuous 
yeast propagation in multiple vessel systems with re- 
cycling. Other patents on processes of this type are 
held by Harrison (1930), Olsen (1930), and Daranyi 
(1936). Unger et al. (1942) worked with a pilot plant 
for the continuous propagation of distillers’ yeast in a 
single vessel and arrived at design figures for a full- 
scale yeast plant. 

Propagation by these methods is in no way limited 
to yeast. For example, Gerhardt (1946) found that 
Brucella suis could conveniently be maintained in 
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TABLE 1. Typical productive capacities for microbial propagation as reported in the literature: Continuous addition and withd 


Organism 


Torula utilis 


Substrate 


WILLIAM D. MAXON 


from a single vessel 


Reducing 
Sugar in Feed 


Reducing 


Holdup Time 


rwal 





Sulfite waste liquor 2.6 
Torula utilis Sulfite waste liquor 1.7 
Torula utilis Wood hydrolysate 4.6 
Torula utilis Fermentation residue 0.91 
Unknown species Pear waste 8 
Saccharomyces cerevisiae | Wood hydrolysate 4.5 
Saccharomyces cerevisiae | Glycose-synthetic me- 10 


dium 


Aerobacter aerogenes Casein-yeast extract 


Brucella suis Glucose tryptose 


* Dry weight of cells. 


continuous culture on a laboratory scale. Elsworth 
and Meakin (1954) presented information on the 
continuous propagation of Aerobacter aerogenes in a 20- 
liter vessel both on glycerol as a limiting substrate and 
on a casein-yeast extract medium. No successful process 
of this type for the production of a mycelial organism 
has been reported, however, except for a brief mention 
of the continuous propagation of Aspergillus oryzae as 
a medium supplement in a paper by Ruf et al. (1948). 
Attempts were made in Germany to manufacture 
Oidium lactis, a mycelium-forming organism, the so- 
called ‘“‘Biosyn” (Saeman, Locke and Dickerman, 1945, 
1946). Difficulties with contamination in continuous 
fermentation were encountered and forced abandon- 
ment of this type of operation. 

In table 1, the rate of product formation and other 
pertinent data are given for several representative con- 
tinuous fermentations reported in the literature. Data 
were taken for industrial, pilot, and laboratory opera- 
tions. Comparison of the productivity with that of 
batch fermentations demonstrates the marked advan- 
tage in this respect of a continuous process. 

Contamination and genetic instability. Contamina- 
tion in fermentation may be a serious problem. A con- 
tinuous fermentation, which is designed to operate for 
long periods of time, is particularly liable to the occa- 
sional introduction of undesired organisms. The mere 
entry of foreign organisms into a continuous culture 
does not, however, assure its failure. Golle (1953) de- 
veloped equations for the theoretical behavior of 
fermentation under these conditions. These equations 
are paraphrased here: 

Suppose that a single vessel in continuous operation 
is being contaminated with a foreign organism at a rate 
Cor. Then, by application of the general material 
balance equation, as in the development of equation 11 
for the case of recycling: 


13) dC/d@ = e — (C — Cy)r 


Sissc Wand | 0: Pitre Production Capacity Reference 
4.5 2.1 g/liter hr* Saeman et al. 194: 
75 2.8 2.8 g/liter hr Harris et al. 1948; 
90 2:2 8.9 g/liter hr Harris et al. 1948: 
55 2.8 1.5 g/liter hr Harris et al. 1948: 
98 17 27 g/liter hr Ramage and Thomp- 
son, 1948 
94 3.7 5.7 g/liter hr | Harris et al. 1948b 
99.5 | 13.2 g/liter hr | Maxon and Johnson. 
1953 
1.3 2.7 g/liter hr Elsworth and Meakin, 
| 1954 
3.7 6.2 X 10! cells/liter 


Gerhardt, 1946 
hr . 


The growth rate of the foreign organism, uc, is defined 
by: we = ¢/C. Use of these quantities in equation 13 
gives: 


14) dC/d@ = C(u. — r) + rCo 
Upon integration: 
15) in (ue—r)+rCy _ 


Clue = 4) Fr, > “He 8 


where C is the concentration of contaminating or- 
ganisms at any time, 6, and C; is the initial concentra- 
tion at 6 = 0. 

There are three possibilities with respect to the 
growth rate of the foreign organism in the fermentation 
that it is contaminating. It can be greater than, equal 
to, or less than the throughput rate. If u, is greater than 
r (which equals yw), then equation 15 shows that C will 
increase exponentially with time. This will continue 
until the steady-state concentration of limiting sub- 
strate is reduced to the point where p. = r according 
to a relationship such as is expressed by equation 7. 
Under these conditions, the growth rate of the original 
organism will be less than r, and its concentration will 
decrease to zero exponentially according to equation 8. 
After a period of time the original organism will be en- 
tirely replaced by the contaminating organism. An 
infection by such an organism, once started, will result 
in complete failure of the fermentation. 

If the growth rate of the foreign organism is equal to 
the throughput rate, then according to equation 14 its 
concentration will increase linearly at a rate rCo. Con- 
tamination by an organism with such a growth rate will 
not be serious if the rate of entry can be kept negligibly 
small. 

If the growth rate of the contaminant is less than the 
throughput rate, equation 15 shows that its concentra- 
tion will approach a limit at infinite time: 
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soutamination by such an organism will become seri- 
A conti A 5 


ous only if its rate of entry is extremely high and its 
growth rate only slightly less than that of the desired 
organism. 

In the manufacture of food and feed yeast contami- 
nation has been no problem. In fact, no great precau- 
tions are taken to prevent it. This is because it is possible 
tomaintain a high throughput rate under nutrient con- 
ditions that are unfavorable for the growth of undesired 
organisms. That is, the pH is kept low, and media such 
as sulfite waste liquor and wood hydrolysate, which 
contain inhibiting substances, are employed. 

The Aerobacter aerogenes culture described by Els- 
worth and Meakin (1954) was maintained continuously 
for 2600 hours. Proper precautions prevented entrance 
of foreign organisms. Only experience with a given con- 
establish how 
serious a deterrent to successful operation contamina- 


tinuous fermentation, however, can 


tion will be. It is probable that with strict care most 
microorganisms can be produced free of contamina- 
tion. 

A problem related to contamination is mutation. 
When mutation of an organism in steady-state culture 
occurs, the fate of the mutant depends upon relation- 
ships similar to those for a foreign organism. Equations 
for these relationships have been developed by Golle 
(1953) and by Novick and Szilard (1950, 1951). 

When mutation occurs in a single vessel in continuous 
operation, it is governed by the following material 
balance, where ¢ is the proportion of the total popula- 
tion that mutates in each generation. The number of 
generations per unit time can be shown to equal 
u/In 2. Then: 


dM/dé@ = m — rM + $Xu/In 2 
or 


16) dM/dé = M(u, — vr) + @Xp/In 2 


This equation is of the same form as equation 14 for the 
case of contamination. In the same line of reasoning 
then, if the growth rate of the mutant, un, is greater 
than the throughput rate, the entire culture will be 
replaced by the mutant form. If y,, is equal to the 
throughput rate, the concentration, M, will increase 
linearly at a rate ¢Xy/In 2, and if um is less than the 
throughput rate, M will approach a limiting value: 


“- & ( : . 
In 2 r — Um 


From these relationships it is evident that a con- 
tinuous propagation system acts as a mutant selector. 
Novick and Szilard (1950, 1951), indeed, made ingenious 
use of this fact for the study of mutation rates of 
Escherichia coli. It should be recognized that the or- 
ganism in a steady-state system will not necessarily be 
of the same genetic form as that of the organism orig- 
inally introduced. It will, rather, be the spontaneous 
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mutant with the highest affinity for the limiting nutri- 
ent. 

This is usually an advantage when the production of 
microorganisms is the goal, since a higher productivity 
can be achieved. It may be in a product formation 
fermentation; however, that a mutation toward higher 
substrate affinity will be accompanied by a lower rate 
of product elaboration. The eventual population, result- 
ing from mutant selection, will then have a lower pro- 
ductivity than the original culture. The seriousness of 
this problem would have to be determined experi- 
mentally for each process. It is not one with a ready 
solution. 

By microscopic examination of bacteria in a culture 
chamber, Powell (1954) showed that the generation 
time of individual bacteria varies widely from the 
average (from 6 to 50 minutes for Streptococcus faecalis). 
This is an erratic variation and is not consistently 
inherited by later generations. Powell concluded that 
selection in a continuous culture will not occur as a 
result of this type of variation, but only as a result of 
actual mutation. 


Propuct FORMATION 


Although many important applications of continu- 
ous fermentation lie in the field of microorganism pro- 
duction, there are still more, whether actually in use or 
merely proposed, in the field of product formation. 
Antibiotics, enzymes, solvents, organic acids, and so on 
are all fermentation products that might be advantage- 
ously made in a continuous system. 

Theoretical considerations. As with propagation, the 
simplest continuous product formation system consists 
of a single vessel with continuous addition of feed and 
continuous withdrawal of fermenting medium. Similar 
equations apply in this case. The growth rate of the 
organism is again equal to the throughput rate, and the 
concentration of cells is, as before, determined by 


9g) Be = Y(So = S). 


It is no longer desired, however, to maximize x, the 
rate of cell formation per unit operating capacity, but 
rather to maximize the rate of product formation, p. 
This rate is determined by material balance and kinetic 
considerations, as is the growth rate, and similar equa- 
tions can be used to express the relationships. The 
material balance expression is based on the yield of 
product, Y,, from the rate-limiting substrate and is 
analogous to equation 10: 


17) p = rP = rY,(So — S) 
The kinetic factors are summarized by: 
18) p = rAX 


The specific rate of product formation per unit of 
cell concentration, \, is, of course, a function of the 
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limiting substrate concentration, S, and the concentra- 
tion of product, P. 

Under given conditions of throughput rate, environ- 
ment, and nutrition, the cell concentration is fixed at a 
steady-state value according to the previous considera- 
tions for microbial propagation. The quantities 8, Y,,, 
P, and X will also be fixed at equilibrium levels, as de- 
fined by equations 17 and 18. In this way the produc- 
tivity, p, at steady state is established. 

Product formation associated with growth. In certain 
fermentations, the growth process and the product 
formation process are closely linked. The same substrate 
concentration may be limiting to the rate of both proc- 
esses, and these rates may respond to changes in this 
concentration in a similar manner. Such a fermentation 
is the alcoholic fermentation of glucose by yeast. Here, 
it is the energy resulting from the anaerobic dissimila- 
tion of glucose that permits the yeast to proliferate. In 
cases of this sort, the effect of throughput rate on pro- 
ductivity in a single vessel may be analyzed according 
to the concepts described for microbial propagation. As 
r is increased, the limiting substrate concentration, 8, 
must increase according to equation 7, so that u remains 
equal to r. This increased 8 causes the specific rate of 
product formation, A, to increase also, since \ and yp 
are similar functions of S. In this manner, productivity 
increases with increasing throughput, as specified by 
equations 17 and 18, until increased residual substrate 
and decreased population affect the rate of product 
formation sufficiently to cause a decline. The econom- 
ically optimum throughput rate will be less than that 
for maximum product formation rate by an amount de- 
pending upon the relative value of the unused substrate. 

It is possible to predetermine the effect of throughput 
rate upon population level in continuous, anaerobic 
yeast fermentation by the method of Adams and Hun- 
gate (1950). Residual glucose, and presumably ethanol 
concentration, may also be predicted. The procedure is 
to run a batch fermentation on the desired nutrient 
medium. Periodic analyses reveal the cell concentration, 
X, the glucose concentration, 8, and the ethanol con- 
centration, P, at various times. The growth rate, y, at 
a given time is found by dividing x, the slope of the 
growth curve, by X. If a continuous fermentation is 
operated at this growth rate (determined by the 
throughput rate), the equilibrium levels of X and S$ 
will be the same as those in the batch fermentation. 
That is, the conditions in a continuous fermentation 
and those in a batch fermentation are the same when 
the growth rates are equal. After a period of continuous 
operation on certain media, it may be that a different 
substrate will become limiting, nitrogen rather than 
glucose, for example. In this case, the concentrations 
X, P, and § will change from the values predicted by 
analysis of the batch fermentation. 

It is often advantageous in a continuous product- 


MAXON 


formation fermentation to operate with several » esse|x 
in series. When product formation is associate with 
growth, the advantage of this type of operation °s ob. 
tained under the same conditions as for microbial! 
propagation. That is, the advantage exists only whey 
higher growth rates can be maintained in the first tanks 
in the series, while the lowered growth rates in the fina] 
tanks permit a more complete use of the substrate. Such 
a situation is apt to prevail in alcohol fermentation, for 
example. In the anaerobic yeast fermentation, it appears 
that growth rates near the maximum require high con- 
centrations of limiting substrate and low concentrations 
of the toxic product, ethanol. Thus, in a single vessel, 
the high throughput rates necessary for maximum pro- 
ductivity are not compatible with the low effluent sub- 
strate and high product concentration also necessary, 
This reasoning explains the wide acceptance of multi- 
vessel systems for continuous alcoholic fermentation. 

As in microbial propagation, the continuous fermenta- 
tion for product formation may be increased in produe- 
tivity by raising the concentration of nutrient in the 
feed, So. This increases the concentration of both cells 
and product. Equations 17 and 18 demonstrate the 
effect on p. This procedure has limitations, since it is 
known that A is a function of P. That is, high product 
concentrations inhibit the product-forming enzymes. 
They may also inhibit the enzymes of growth. Thus, 
the point is reached where increasing So will decrease 
Y, while 8 rises. Rate of product formation will rise no 
further. 

An effect similar to increasing substrate concentra- 
tion can be achieved by recycling the organism. This 
has the effect of increasing X without affecting \ (equa- 
tion 18). In this manner, the productivity is enhanced. 
A higher throughput rate is possible while Y,, and § re- 
main the same (equation 17). The limit is reached when 
product inhibition of » and \ causes X and Y,, to fall, 
and § to rise significantly. 

It is possible, of course, to return all the cells to the 
fermentation, that is, total recycling. If this is done, the 
concentration of cells in the fermenting medium will 
continue to rise until growth ceases completely (or 
rather growth rate and autolysis rate are equal) as a 
result. of product toxicity, lack of nutrients, or other 
undefined factors. In such a case, the throughput rate 
may be as high as desired without decreasing X. 
Productivity will still, however, depend on throughput 
rate, as indicated by equations 17 and 18. 

Product formation not associated with growth. In 


the above paragraphs, the case in which the same sub- 
strate is limiting both to growth rate and product 
formation rate has been under consideration, and both 
rates reacted similarly to the concentration of this sub- 
strate. This is often not the situation. For example, if 
an aerobic yeast fermentation is fed a medium low in 
nitrogen, the growth rate may be nitrogen-limited while 
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glycolysis proceeds at such a rate that it is limited by 
the concentration of glucose. More important examples 
yecur in the formation of other fermentation products, 
enzymes, antibiotics, and pigments, for example, which 
are less directly connected with the growth process. For 
illustration, in the batch penicillin fermentation, there 
are two distinct phases. For the first 24 hours growth 
gceurs on the rapidly assimilable carbohydrate sources. 
The pH is low. The remainder of the fermentation evi- 
dences little growth. The pH is high. It is in this period 
that peniciilin production rate reaches its maximum. 
Thus, the conditions required for growth and those 
required for productivity are widely different. 

When this is the situation, a single-vessel continuous 
process Without recycling can only poorly provide the 
proper both for growth and _ product 
formation. High throughput rate, which is necessary for 
high productivity necessitates high 
growth rate (since « = r). The equilibrium conditions 
that permit high growth rate will, on the other hand, 
be incompatible with a satisfactorily high rate of prod- 


environment 


(equation 17), 


uct formation. The two metabolic processes must be 
separated for the best results. 

There have been few reported attempts to accomplish 
this separation of functions in a continuous system. 
The theory predicts that it can be done by recycling the 
organism, by use of a multivessel system, or by use of a 
two-phase system. 

Two-phase systems. In our previous considerations, 
the fermenting mixture consisted of a more or less 
homogeneous suspension of microorganisms in a suitable 
medium. The product formed was separated from the 
cells in a separate stage of processing by filtration or 
centrifugation. This single-phase type of fermentation 
is usually the most convenient. In certain cases, how- 
ever, it is possible to separate the system into two 
phases. The major example is the vinegar or acetic acid 
fermentation. Here the fermentor or “‘generator’”’ con- 
sists of a mass of beech wood shavings upon which the 
Acetobacter species which is responsible for the desired 
oxidative conversion of ethanol to acetic acid is fixed. 
In this way the organism is maintained in the solid 
phase while the substrate and product remain in the 
liquid stream which trickles through. 

There are further examples of two-phase continuous 
fermentations (see Applications). Usually the phases 
are solid and liquid. There are cases where the organism 
is in a liquid phase while the substrate is in a second, 
immiscible liquid or a gaseous phase. 

A two-phase system does not comply with the cri- 
terion of homogeneity which was important to the 
sarlier. Fermentative 
conversion does not occur in one or more equilibrium 
stages, but in a continuum. Thus, the concentration of 
acetic acid in a vinegar generator rises gradually to its 
maximum in the effluent. Such a situation is not repre- 


theoretical relations developed 


sented by the equations already derived. Similar princi- 
ples may be used, however, to evolve the relationships 
for various processes of this sort. 

Applications. Many continuous fermentation proc- 
esses for product formation have been successfully 
operated. The majority of those reported in the litera- 
ture have been for the anaerobic production of ethanol 
by yeast. While the objectives are similar, the manner 
in which these fermentations are run is widely varied. 
The differences occur in the microorganism, the 
medium, the conditions, and in other respects. Examples 
are available of every type of continuous operation that 
has been described here. Included are single-vessel 
systems with and without recycling, multivessel systems 
with from 2 to 12 vessels in series, two-phase systems 
and others which display major and minor modifications 
of these principles. 

Bilford et al. (1942) investigated a single-vessel con- 
tinuous alcoholic fermentation process on a laboratory 
scale. Their tests were run in a small fermentor agitated 
either mechanically or with carbon dioxide. The nutri- 
ent media were glucose (10 to 12 per cent) in yeast water 
or molasses (Cuban blackstrap, refined and beet, 12 
to 13 per cent reducing sugar), and these could be fer- 
mented to completion with holdup times of 4 to 7 hours. 
The effluent reducing sugar concentration ranged from 
0.1 to 1.5 per cent. The Guilaume-Boulanger process 
(DeBecze and Rosenblatt, 1943) used in Europe in the 
large beet sugar and molasses alcohol plants is a modi- 
fied single-vessel type. The main conversion is carried 
out in a large continuously operated fermentor. In order 
to allow complete usage of the sugar a 2!4 hour batch 
fermentation of the effluent is carried on in small auxili- 
ary tanks. 

Molasses provides a readily used source of carbohy- 
drate and contains no substances inhibitory to the 
alcoholic fermentation. It is, therefore, rapidly and com- 
pletely used in continuous operation. Multivessel opera- 
tion is undesirable, and recycling is not necessary. The 
low pH and high throughput rate minimize the chance 
of contamination. 

On certain other substrates, advantage must be taken 
of the multivessel and recycling principles to permit 
high, continuous productivity. 

The process developed for the conversion of acid- 
hydrolyzed grain carbohydrates to alcohol by Joseph E. 
Seagram and Sons, Inc. (Altsheler ef al., 1947; Ruf et 
al., 1948) involves the use of two vessels. In the pilot 
operations described by Ruf ef al. (1948), the holding 
time is 8 hours in the primary fermentor, 4 to 6 hours 
in the secondary. Both tanks are mechanically agitated. 
Fermentations up to 9 days in pilot plant and 6 months 
in laboratory were obtained without contamination or 
yeast degeneration. Figure 2 shows some analyses made 
during the course of a pilot-scale run. In the two runs 
compared, corn mash alone was used in the first, and 
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Fig. 2. A two-vessel continuous alcoholic fermentation of 
acid-hydrolyzed corn mash. Comparison of data obtained with 
and without submerged culture mold supplement. (From Ruf, 
E. W., Stark, W. H., Smith, L. A. and Allen, E. E. Aleoholic 
Fermentation of Acid-hydrolyzed Grain Mashes, Ind. Eng. 
Chem., 40, 1154-1158, Figure 4, p. 1157.) 


in the second submerged culture Aspergillus oryzae 
was added as a supplement. The supplementation evi- 
dently changed the limiting nutrient. This permitted a 
slightly higher cell population in the primary fermentor, 
a lower concentration of reducing sugar in both fer- 
mentors, and a higher alcohol concentration in the sec- 
ondary fermentor. This example demonstrates the ad- 
vantages of continuous operation for experimentation. 

The method of Alzola (1942, 1945) for continuous 
fermentation also uses the multivessel principle. Here, 
five fermentors of equal size are connected in series. 
Agitation in the fourth and fifth is supplied by carbon 
dioxide pumped from the first and second. The concen- 
tration of nutrient in each tank, as measured by specific 
gravity, declines as follows: Second tank, 7° Bé; third 
tank, 4° Bé; fourth tank, 2.5° Bé; fifth tank, 2° Bé. 

The additional advantages of recycling are made use 
of in the alcoholic fermentation of wood hydrolysates 
and of sulfite waste liquor, substrates less readily used 
by the yeast. For a general reference see McCarthy 
(1954) and Saeman and Andreasen (1954). Multivessel 
installations are used, and the effluent yeast is sepa- 
rated by centrifugation as a cream to be added with the 
feed to the first fermentor in the series. This type of 
process is quite widely used in Europe (Saeman and 
Andreasen, 1954; Saeman, Locke and Dickerman, 1945, 
1946; DeBecze and Rosenblatt, 1943) and plants are 
operated by the Puget Sound Pulp and Timber Com- 
pany, Bellingham, Washington (Ericsson, 1947; Me- 
Carthy, 1954) and by Commercial Alcohols Limited, 
Gatineau, Quebec (McCarthy, 1954). The fermentors 
are large, up to 120,000 gallons capacity at Gatineau, 
and are agitated either mechanically or with carbon 
dioxide. From 3 to 8 tanks are arranged in series. The 
total holdup time varies from 6 to 24 hours. Up to 12 
per cent of the fermenting medium is yeast (pressed). 


Pilot studies in a six-fermentor system of this type 
have been made by Harris et al. (1948¢). Torule: utilij 
was used to ferment wood hydrolysate containing j 
per cent reducing sugar. At steady state with a total of 
24 hours retention time 80-82 per cent of the fer. 
mentable sugar was used, and an alcohol yield of 4) 
per cent on total fermentable sugar was obtained. Fron 
tank to tank the equilibrium sugar concentration was: 
5.2 per cent (feed), 4.3 per cent (first tank), 3.3 per cent 
(second tank), 2.3 per cent (third tank), 1.5 per cent 
(fourth tank), 1.1 per cent (fifth tank), and 0.8 per cent 
(sixth tank). 

The patent literature details some special equipment 
for fermentations of this sort. Victerero (1948) arranges 
the equilibrium stages vertically in order to facilitate 
flow of gas and medium from tank to tank. Scholler and 
co-workers (1937, 1940) describe a special fermentation 
apparatus that embodies the principles of a multivessel 
continuous system and is provided with a final set- 
tling chamber where the yeast separates for return with 
the feed. 

Two-phase systems are not commonly used in the 
alcoholic fermentation. The ‘‘Fesselhefe’’? method (Sae- 
man, Locke and Dickerman, 1945), in which the yeast 
is bound on twigs, has been used in Germany, however, 
for a sulfite waste liquor process. This type of operation 
has been patented by Romer (1924). An Indian patent 
(Council of Scientific and Industrial Research, 1952) 
has appeared on the use of a battery of columns con- 
taining pumice impregnated with yeast. Molasses was 
the carbohydrate souice, and less than 0.5 per cent 
sugar remained in the effluent. 

There are relatively few instances of continuous 
fermentation being used for the manufacture of prod- 
ucts other than ethyl alcohol. There is, of course, the 
case of acetic acid and vinegar, as mentioned before. A 
review of this process has been made by Vaughn (1954). 
In 1931, Whittier and Rogers developed a laboratory- 
scale single-vessel continuous fermentation for the con- 
version of whey to lactic acid. 

Interesting applications of continuous fermentation 
in the petroleum industry have been patented by the 
Standard Oil Development Company (Taggart, 1946) 
and the Texaco Development Company (Zobell, 1953). 
The Standard Oil process is a two-phase fermentation 
carried out in a bubble-cap column. Light, gaseous hy- 
drocarbons are continuously converted to the cor- 
responding fatty acids and their esters through the 
oxidative action of such organisms as Bacillus paraf- 


finicus n. sp., B. methanicus, and B. ethanicus n. sp. The 


bacteria in a salt solution pass downward over the trays. 
The gaseous hydrocarbons mixed with air pass upward 
through the bubble-caps. The contact that results per- 
mits oxidation of the substrate and proliferation of the 
bacteria. The product is recovered from the aqueous 
stream. The process is one of growth-associated product 
formation. It involves several equilibrium stages and 





may, thet 
it is UNG 


terial cat 


countercl 
The Ti 
ever, the 
pounds 1 
grable 1 
converte 
sulfide. - 
is emple 
sulfur ¢ 
that it 
cap coh 
ward al 
flows d 
of the | 
reactlol 
supplie 
examp) 
like th 
syste 
A fe 
ferme! 
proces 
(Kola 
A sin 
It is 
liquol 
medit 
48 he 
neces 
cillin 
duct 
Or 
have 
tory 
Am 
of ¢ 
prot 
thre 
ent! 
out 
me 











Ls type 
le: utilis 
ining } 
total 0 
he fer. 
1 of 49 
. From 
Tt Was: 
Pr Cent 
Y cent 
T Cent 


pment 
“anges 
ilitate 
rand 
‘ation 
Vesse] 
| set- 

With 


1 the 
(Sae- 
yeast 
ever, 
ition 
tent 
952) 
COon- 
was 

rent 


jous 
‘od- 
the 
A 
4), 
ry- 
on- 


ion 
che 
1(}) 
3). 
on 
'- 
r- 
he 

if- 


he 








may, therefore, be classified as a multivessel system, but 
it is unique in that the substrate stream and the bac- 
ierial catalyst stream are in separate phases flowing 
ecountercurrently. 

The Texaco process has some similarities. Here, how- 
ever, the reaction is reductive. The complex sulfur com- 
pounds that occur in crude petroleum are often unde- 
sirable in the final product. By this method they are 
converted to easily removed mercaptans and hydrogen 
sulfide. An organism such as Desulfovibrio desulfuricans 
is employed. It can use hydrogen for the reduction of 
sulfur compounds by virtue of the hydrogenase enzyme 
that it produces. For continuous operation a bubble- 
cap column is used. The crude hydrocarbon flows up- 
ward and the aqueous medium containing the bacteria 
fows downward. Hydrogen is supplied at the bottom 
of the column and flows out the top with the gaseous 
reaction products. Alternatively, the hydrogen may be 
supplied in situ by the action of microorganisms, for 
example, Clostridia on a glucose medium. This process, 
like the Standard Oil process, is a two-phase multistage 
system. Product formation is growth-associated. 

A few attempts have been made to use continuous 
fermentation for the production of antibiotics. The 
process of the Joseph E. Seagram and Sons., Inc. 
(Kolachov and Schneider, 1952) is a notable example. 
A single aerated and agitated fermentor is employed. 
It is continuously fed a lactose, glucose, corn steep 
liquor medium, and the penicillin-containing, fermented 
medium is continuously withdrawn. A holdup time of 
48 hours is maintained. More rapid throughput would 
necessitate a high growth rate, incompatible with peni- 
cillin production. The yield of 600 units/ml gives a pro- 
ductive capacity of 12.5 units/ml hour. 

Other antibiotic fermentations of a continuous nature 
have been reported. Moor (1945) describes a labora- 
tory-scale two-phase penicillin surface culture process. 
A matt of Penicillium notatum is grown on the surface 
of a corn steep medium. Fresh medium, fermented 
product, and the mycelial matt move continuously 
through the apparatus. A similar process has been pat- 
ented (Lilly, 1933). Here, the mycelium grows on the 
outside of filter cloth tubes where it is aerated. The 
medium to be fermented passes down inside these tubes. 
Japanese workers (Wakaki et al., 1952) described a 
semicontinuous submerged culture process for penicillin 
fermentation. 

The acceptance of continuous methods for the manu- 
facture of food and feed yeast and fermentation alcohol 
is easily understood. These industries depend upon a 
large volume and a low profit margin. Thus, equipment 
of tremendous capacity operating at maximum output 
is required. High efficiency and low waste are necessi- 
ties. The advantages gained in productivity for a given 
equipment capacity by continuous fermentation are 
great. Furthermore, the time lost in cleanup and prepa- 
ration necessary to batch fermentation is obviated. The 
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difficulties that could arise from contamination or yeast 
degeneration are not encountered, and no expensive 
precautions are required to prevent them. For these 
reasons the continuous process may be expected to have 
ever wider application in these industries. 

As the technology of fermentation develops, it seems 
inevitable that manufacturers will turn to this type of 
operation for other products. The advantages to be 
gained, whether increased output, automatic control, 
or product uniformity, all become available when the 
difficulties of contamination, genetic instability, and so 
forth are solved. Meanwhile, continuous fermentations 
on a laboratory scale will have great value in the col- 
lection of experimental data. This discussion was in- 
tended to summarize the information on the subject 
presently available and to provide a background for new 
developments and a starting point for new ideas. 
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Although some work has been done on the effect. of 
) 4-dichlorophenoxyacetic acid (2,4-D) on the num- 
ers and kinds of organisms of the soil (Smith, Daw- 
sn and Wenzel, 1945; Hoover and Colmer, 1953), on 
respiration of certain soil organisms (Magee, 1954), 
and on the effect of this herbicide on certain processes 
of the soil (Newman, 1947; Jones, 1948; Carlyle and 
Thorpe, 1947; and Payne and Fults, 1947), no work 
seems to have been done on the effect of this agent on 
the group of complex reactions which result when 
nitrogenous organic substances are the substrates for 
microorganisms. 

This report concerns the effect of 2,4-D upon the 
activities of one of the common sporeforming rods, 
Bacillus cereus, in the decomposition of gelatin and an 
amino acid substrate. 


EXPERIMENTAL PROCEDURES AND RESULTS 


Amino nitrogen was determined by the Van Slyke 


macrovolumetric method (Van Slyke, 1912) and am- 
monia by use of Nessler’s reagent. Nutrient agar and 


broth served as the substrates for the determination of 
viability and growth. 

The effect of 2,4-D on the gelatinase of B. cereus. 
The organism was grown in 15 per cent gelatin solu- 
tion, and then the culture was passed through a Seitz 
filter in order to free the enzyme from cells. Two flasks 
were prepared with 1 part of cell-free filtrate to 9 parts 
of 1 per cent gelatin solution. To one flask no 2,4-D 
was added, and to the other 2,4-D was added to give 
800 ppm, a level which preliminary tests had shown 
was above that inhibitory to the growth of the or- 
ganism. The liquid volume of all flasks in this and 
other tests was 100 ml. Incubation was at 37 C, and 
amino-nitrogen determinations were made at 24 hours 
and after 4 days. 

It was found that a concentration of 800 ppm of 
2,4-D did not inhibit the activity of the enzyme. The 
concentration of amino nitrogen increased from 10.4 
mg at the beginning of the test to 36.7 mg per 100 ml 
of substrate in 24 hours, and to 43.4 mg by the end of 
four days. These quantities are comparable to those of 

' Present address: Department of Microbiology, Louisiana 
State University, School of Medicine, New Orleans, Louisiana. 
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the flask without 2,4-D, which began with 9.4 mg and 
then at the 24-hour and 4-day test periods had 37.3 
mg and 50.4 mg, respectively. 

The effect of 2,4-D on vegetative cells and spores of 
B. cereus. The inoculum for tests with the vegetative 
cells was prepared by two transfers in nutrient broth 
at 6-hour intervals, followed by an incubation period 
of 9 hours. Microscopic examinations of this type of 
inoculum disclosed of the 
fields examined. 


no spores in any many 


A nutrient agar bottle slant was incubated at 37 C 
for 4 days for the production of spores. They were 
secured by washing with sterile distilled water. This 
suspension was heat shocked at 80 C for 10 minutes 
and then stored at 2 C until used. A 1 per cent gelatin 
solution served as the substrate; to the test flasks 
2,4-D was added to give the desired concentrations, 
and either vegetative cells or spores, as the case might 
be, were added in order to have approximately 400 to 
600 cells present per ml. Plate counts were run im- 
mediately after inoculation and after 24 hours of in- 
cubation at 37 C. 

When concentrations of 2,4-D greater than 1,000 
ppm were used with the spores, the millipore filter 
technique, as suggested by Portner, Mayo, and Kaye 
(1954), was used to detect the viability of the spores 
after their exposure to 2,4-D. This technique, permit- 
ting as it does a washing of the treated spores, reduced 
the 2,4-D to a level nontoxic to a germinating spore. 

Concentrations of 100, 200, and 300 ppm of 2,4-D 
did not prevent the multiplication of the vegetative 
cells, but 500 ppm not only prevented the growth of 
the organisms but also reduced their number. In the 
presence of 200 ppm of 2,4-D, the spores of B. cereus 
were able to germinate in 24 hours at 37 C, but at the 
300, 500, and 1,000 ppm levels the germination of the 
spores was prevented, Concentrations of the herbicide 
up to 500,000 ppm were not markedly sporicidal, since 
with this high concentration and with an initial concen- 
tration of 300 spores per ml, there were still 62 viable 
spores per ml present after 4 days exposure. 

The effect of 2,4-D on gelatin decomposition. A | 
per cent gelatin solution was inoculated with a 1 per 
cent inoculum of nutrient broth culture of the bacillus. 





124 EK. J. JOHNSON AND A. R. COLMER 








100 
@—® NO 2,4-0 
“—x 300 PPM 
a—B 475 PPM 
G—4) 500 Pppw 
a 7 
= 
ie} 
° 
» 
= 
| 
z~ 40 
2 
10 
°o 1 3 B} 7 +] 12 15 ‘8 


INCUBATION TIME IN DAYS 


Fic. 1. Effect of 2,4-D on amino acid formation from 
gelatin by Bacillus cereus. 
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Fig. 2. Effect of 2,4-D on ammonia production from gelatin 
by Bacillus cereus. 
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Fic. 3. Effect of 2,4-D on the growth of Bacillus cereus in 
gelatin. 


The stock solution of the herbicide was made up in 1 
per cent gelatin solution. Flasks containing final con- 
centrations of 300, 475, and 500 ppm of 2,4-D and a 
control without any 2,4-D were incubated at 37 C and 
amino- and ammonia-nitrogen determinations and 
plate counts were made at intervals. 


The control curve of figure | shows that the .ctiyiy, 
of B. cereus on gelatin was initially proteolytic, thy 
leading to the accumulation of amino acids in ‘he ey. 
ternal environment. A maximum concentration 4) 
approximately 75 mg of amino nitrogen per 10!) ml of 
substrate was reached by the end of 7 days, but late 
these amino acids began to decrease and contiiued ty 
do so throughout the 18 days of the test. 

When 300 ppm of 2,4-D were present in the me. 
dium, the accumulation of amino acids was slowed fo 
the first 5 days, but from that time on the activity of 
the organisms proceeded as it did in the control. With 
475 ppm of 2,4-D, the accumulation of amino acids 
was slower than with the other two tests through the 
5th day of incubation, the maximum concentratio, 
not being reached until the 9th day. From this point, 
however, the activity of the organisms proceeded at 
approximately the same rate as in the control and the 
lower concentrations of the herbicide. With 500 ppm, 
the activity of the organism was inhibited, and there 
was little amino acid production. 

The effect of 2,4-D on the deamination of the amino 
acids formed from the gelatin is given in figure 2. The 
action of the herbicide at the concentrations tested 
was quite comparable to the effects noted in figure | 
for amino acid production, the over-all result being a 
lag in the production of the ammonia as the concentra- 
tion of the herbicide increased. 

The numbers of organisms present at the various 
test periods are shown in figure 3. It will be noted that 
475 ppm caused an initial drop in the numbers of 
viable cells, but by 7 days there was little difference 
between this and the lower concentrations. There was 
a steady decrease in numbers when 500 ppm_ were 
used. 

The effect of 2,4-D on amino acid utilization. The 
medium was made up of amino acids selected from 
those given by Smith (1943) as being contained in 
gelatin. They were, in g/I, glycine, 2.55; alanine, 0.87; 
valine, 0.1; leucine, 0.71; tyrosine, 0.001, and lysine, 
0.59. The amino acids were dissolved in 1,000 ml of 
distilled water containing 0.05 g of yeast autolysate. 
The medium was adjusted to pH 7 with 2 N sodium 
hydroxide using a Beckman pH meter. Concentrations 
of herbicide from 300 to 900 ppm were used for this 
portion of the study. 

Figure 4 shows that without any 2,4-D or with 300 
ppm of 2,4-D the concentration of amino acids in the 
external environment decreased continually throughout 
the 13 days of the test period. A concentration of 600 
ppm of the agent caused the amount of amino acids to 
decrease at a slower rate up to the 7th day than did 
the control and the 300 ppm level, but from then on 
the activity was the same as that of the other two. 
The growth of the organism was inhibited by 900 ppm 
of 2,4-D. 
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Fic. 4. Effect of 2,4-D on utilization of amino acids by 
Bacillus cereus. 
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Fic. 5. Effect of 2,4-D on ammonia production from amino 
acids by Bacillus cereus. 


There was a constant increase in the concentration 
of accumulated ammonia in the external environment 
(figure 5), when there was no 2,4-D or in the presence 
of 300 ppm of 2,4-D. A maximum concentration of ap- 
proximately 60 mg of ammonia nitrogen per 100 ml of 
substrate was reached by the end of the 5th day. When 
the herbicide was present in a concentration of 600 
ppm, there was a lag in the production of ammonia 
through the 3rd day. This was later overcome, and 
finally the ammonia produced was about the same as 
in the others. Growth was completely inhibited with 
900 ppm. 


DISCUSSION 


Conn (1948) has emphasized the importance of the 
sporeformers in the soil, and Smith, Gordon, and Clark 
(1946) have pointed out that B. cereus is a common 
representative of the group found there. This organism 
when grown in a gelatin medium was a strong pro- 
ducer of the extracellular enzyme gelatinase. Early 
work showed that 2,4-D had no effect on the enzyme 
per se at the concentrations tested. Even with 800 ppm 
of 2,4-D, a level much higher than that affecting 
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growth, the gelatinase catalyzed the decomposition of 
the gelatin. 

The work shown in figures 1 and 3, however, in- 
dicates that levels much lower than 800 ppm could 
have a profound effect upon the growth of the or- 
ganism and, thus, upon the production of gelatinase. 
By raising the level of the agent to 500 ppm, the 
growth of the vegetative cells would be stopped, and 
the germination of the spores would be curtailed. 

These differences in the response of the vegetative 
cells and the spores of B. cereus to 2,4-D illustrate 
again the inherent resistance of spores to deleterious 
agents. The level of the herbicide which prevented 
multiplication of the vegetative cell or which pre- 
vented germination of the spores was markedly lower 
than the level which destroyed the spores. 

Figure 2 shows that ammonia production followed 
amino acid production, but the test did not indicate 
whether proteolysis of the gelatin with amino acid 
formation and deamination with ammonia formation 
were processes equally sensitive to the action of the 
herbicide. Figure 5 indicates that with an amino acid 
medium more of the 2,4-D was required to curtail 
ammonia formation than was the case when gelatin 
served as the medium. Whether this is a true reflection 
of the relative sensitivity of gelatinase with whatever 
deaminases were at work is not known. It is quite 
possible, however, as was suggested by Cullen (1946), 
that the decrease in physiological activity caused by 
the agent is merely a reflection of the inhibition of 
growth, and in some cases the actual destruction of 
the cells. 

Hoover and Colmer (1953) have shown that on 
Sharkey soil the commonly used rates of 1 to 2 ppm of 
2,4-D did not harm the bacteria, actinomycetes, and 
fungi. Although the action of the herbicide in the solu- 
tions tested here might not afford a direct correlation 
to its action in a menstruum so complex as the soil, 
the marked difference in the levels of 2,4-D used in 
the field from those which were found to harm B. cereus 
in the solutions indicate that it is unlikely that its role 
in the process of ammonification in the soil would be 
adversely affected. 
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SUMMARY 


The activity of a cell-free gelatinase preparation of 
B. cereus was not inhibited by 800 ppm of 2 ,4-dichloro- 
phenoxyacetic acid (2,4-D). 

The growth of the vegetative cells in nutrient broth 
or gelatin was stopped by 500 ppm of 2,4-D. Although 
the germination of spores was prevented by 300 ppm, 
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some spores did survive after 4 days of exposure to 

900,000 ppm of 2,4-D. 

Concentrations of 300 and 475 ppm of 2,4-D caused 
an initial lag in the decomposition of gelatin to amino 
acids or to ammonia; 500 ppm inhibited these changes. 

The inhibition of ammonia production from a selected 
amino-acid medium was achieved with 900 ppm of the 
herbicide. 
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In a previous report (Johnson and Colmer, 1955), the 
importance of acquiring some knowledge of the effect 
of 2,4-dichlorophenoxyacetic acid (2,4-D) on certain 
microbially induced processes essential to the soil’s 
fertility was emphasized. When the common soil 
sporeformer Bacillus cereus was grown either in a 
gelatin or an amino acid medium, there was an initial 
lag in its decomposition of the substrates with concen- 
trations of 2,4-D up to 500 ppm. At this level, growth 
of the organism was inhibited. 

This report concerns the effect of 2,4-D on the de- 
composition of the same substrates when Pseudomonas 
fluorescens, a common soil inhabitant, and the mixed 
microflora of a cane field were the test agents. 


EXPERIMENTAL PROCEDURES AND RESULTS 


The procedures used were the same as described in 
the previous paper. Pseudomonas fluorescens and the 
mixed microflora were from Mhoon sugar cane soil. 


Effects of 2,4-D when gelatin was the substrate. No 
appreciable amounts of amino acids or ammonia were 
produced from gelatin by P. fluorescens. 

Figure 1 shows that the microorganisms of the soil 
suspension rapidly produced amino nitrogen from 
gelatin in the absence of 2,4-D. In the presence of 
5,000 ppm and 10,000 ppm of 2,4-D, there was little 
change in the concentration of the amino acids up to 
the 9th day of incubation. By the end of the test 
period, however, the organisms of the 5,000 ppm test 
flask had recovered from the inhibitory effects of the 
2,4-D and had hydrolyzed the gelatin to yield amino 
acids comparable in amount to that of the control. 
Although at the 10,000 ppm level there was some 
recovery after continued incubation, the 20,000 ppm 
concentration inhibited the formation of amino acids. 


The course of ammonia formation during de- 


composition of gelatin by the microorganisms in the 
soil inoculum was similar to that for the production of 
amino nitrogen (figure 2). 
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Fig. 1. Effect of 2,4-D on amino acid formation from gela- 
tin by microorganisms of a soil suspension. 
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Fig. 2. Effect of 2,4-D on ammonia production from gelatin 
by microorganisms of a soil suspension. 
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Fig. 3. Effect of 2,4-D on utilization of amino acids by 
Pseudomonas fluorescens. 


Effects of 2,4-D when amino acids were the substrate. 
Figures 3 and 4 show that 5,000 ppm of 2 ,4-D inhibited 
the action of P. fluorescens on the amino acid substrate 
when either the utilization of it or the production of 
ammonia from it served as a gauge of activity. Concen- 
trations of 2,4-D less than 5,000 ppm had but little 
effect on the organism. 
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Fic. 4. Effect of 2,4-D on ammonia production from amino 
acids by Pseudomonas fluorescens. 


DISCUSSION 


P. fluorescens, a representative organism of the group 
of gramnegative nonsporeforming rods common to the 
soil, has been reported by Conn (1948) as one of the 
most strongly proteolytic types in soil. Results pre- 
sented here and in the earlier report (Johnson and 
Colmer, 1955) emphasize the differences between P. 
fluorescens and B. cereus as “‘proteolytic’”’ organisms. 
The latter organism could hydrolyze gelatin with 
production of appreciable quantities of free amino 
acids and, eventually, ammonia. P. fluorescens, how- 
ever, was markedly less active in its action on gelatin. 
It may then be quite true, as pointed out by Berman 
and Rettger (1918), that the ability of an organism to 
liquefy gelatin is no sure indication of its proteolytic 
properties, 

Although the pattern of activity of P. fluorescens 
was the same as that of B. cereus on the amino acid 
medium, the gram negative rod was less active than 
the sporeformer. The resistance of P. fluorescens to the 
harmful action of the 2 ,4-D, however, was much greater 
than that of B. cereus on this substrate. Whereas B. 
cereus was inhibited by 900 ppm of the chemical, it was 
the 5,000 ppm level which inhibited P. fluorescens. 

Bright and Conn (1919) and Waksman and Lomanitz 
(1925) have reported that different organisms may take 
an active part in different stages of the process of 
protein decomposition in the soil, bacteria like B. 
cereus being active in the first stages of hydrglysis, and 
bacteria like P. fluorescens in those later stages leading 
to the formation of ammonia. The results of these 
studies, made with solutions of gelatin and amino 
acids, indicate that B. cereus is quite active in both 
stages and was more active than P. fluorescens in 
ammonia formation whether gelatin or amino acids 
served as the substrate. 

Figures 1 and 2 show that the effect of 2,4-D on the 
decomposition of gelatin by the mixed microflora was 
primarily a matter of degree rather than a marked 
change from that characterized by the two pure 
cultures. More 2,4-D was required to gain the initial 
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inhibition, and more 2,4-D was required to produce 
complete inhibition of the amino acid production or 
ammonia production. It is interesting to note the rise 
both in amino acid and ammonia production after the 
12th day of the test. The ammonia production was 
quite marked after this period. From microscopic 
examinations of the contents of the flasks, together 
with a qualitative sampling by plating out on ap- 
propriate media, it appeared that these changes were a 
reflection of the activity of the rod-shaped bacteria 
rather than of the actinomycetes and fungi. 


SUMMARY 


A 5,000 ppm concentration of 2 ,4-dichlorophenoxy- 
acetic acid (2 ,4-D) inhibited the action of P. fluorescens 
on the amino acid substrate when either the utilization 
of it or the production of ammonia from it served as a 
gauge of activity. Concentrations of 2,4-D less than 
5,000 ppm had but little effect on the organism. 

The production of amino acids and ammonia from 


gelatin by the microorganisms of a soil suspension was 
inhibited by 20,000 ppm of 2,4-D. Concentrations of 
5,000 and 10,000 ppm inhibited these activities curing 
the first period of incubation; with 5,000 ppm, however. 
there was a marked recovery of activity in the later 
periods, 
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ERRATUM 

In the article, “Metabolic Behavior and Chlortetracycline Production by 
Streptomyces aureofaciens in Liquid Culture,” by G. Biffi, G. Boretti, A. Di 
Marco and P. Pennella, which appears in the September issue of APPLIED 
Microsio.ocy, the following corrections should be made. 

Page 290, section Effect of Changes in Medium Composition During Fer- 
mentation, the first line should read, “By the addition of KH:PO, (0.03 per 
cent or more) to ....’”’ The media in tables 4, 5, and 6 should read, “4N + 
0.03 per cent K,HPO,” and “4N + 0.05 per cent KsHPO,.” The readings 
concerning figures 6,7, and 8 should read “0.03 per cent,” and figures 10 


and 11 should read “0.05 per cent.” 
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